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Abstract 
This study is a natural follow on from previous work by M. T. Anderson and I. Fiebrig. 
The goal of those latter and of the present study is to find a mucoadhesive system for 
improving the oral bioavailability of a number of drugs, for example bioactive peptides 
and proteins. This current work evaluates the adhesive properties of a cationic polymer 
and a cationic protein to mucus glycoproteins as a step towards the future development of 
a mucoadhesive drug delivery system. 
Four different mucin populations were analysed in solution (a freshly purified sample 
PGM-MD, and three purified from different regions of the porcine stomach cardiac, 
antrum and fundus). Their interaction with two groups of chitosans differing in degree of 
deacetylation (FA = 0.11 and 0.25) and a protein purified from the foot of the blue mussel 
Mytilus edulis foot protein-1 (Mefp-1) were studied. Interaction was determined using 
analytical ultracentrifugation and with the chitosan/mucin interaction specifically atomic 
force microscopy. The influence of ionic strength on the interaction was studied in detail 
studied as was the effect of the oligosaccharide composition of the mucin population on 
the interaction. 
It was found that both groups of chitosans (FA = 0.11 and 0.25) formed a large complex 
with a freshly purified mucin population (PGM-MD). Ionic strengths above 0.2 M were 
found to inhibit the interaction. The three mucin species differed in terms of their net 
charge, with cardiac being the most negatively charged and antrum the least negative. It 
was found that the cardiac species interacted the most and antrum the least, as would be 
expected for an ionic interaction. Increasing ionic strength was found to inhibit the 
interaction. There was also evidence for a hydrophobic interaction at high ionic strengths. 
The atomic force microscopy results allowed the complex to be visualised under 
atmospheric conditions and to get away from the harsh sample preparation techniques 
1 
employed by electron microscopy. Large spherical complexes were seen as 
entanglements of mucin and chitosan strands. 
Acknowledgements 
To my supervisors, principally Prof. S. E. Harding, also to Dr. R. White and Prof. S. S. 
Davis, for their encouragement and support over the last 3 years. 
Thanks go to Dr. Simon McGurk who collaborated with me on all of the AFM work. To 
Prof. Martyn Davies, Prof. Saul Tendler, Dr. Phil Williams, Dr. Clive Roberts and to 
Prof. X. Chen and all in the LBSA lab for their help. 
To my girlfriend, Ellen, for reading countless drafts of this thesis and for keeping me 
sane over the last nine months. 
For all the people in the lab who have answered all my questions specifically Connie, 
Neil, Arthur and of course Uncle Pete, Krim, Chris, and Gordon. 
To all my friends at Food Science over the past three years principally Raj, Claire, Inger, 
Baltasar, Zoe and my flatmate Joe the rest, who have been responsible for many good 
evenings and quite a few bad mornings. 
The BBSRC and Optokem Instruments for the funding of this PhD. 
And last of all to my parents, sister Louise and brothers Neal and Peter and the rest of the 
family for all of their love and support both financial and emotional over the last 26 
years. 
iii 
Abbreviations 
AFM Atomic force microscopy 
FFF Field flow fractionation 
HBS Hydrodynamically balanced systems 
MALLS Multi angle laser light scattering 
MW Weight average molecular weight 
N. D. Not determined 
PGM Pig gastric mucin 
PMSF Phenylmethanesulphonyl fluoride 
RI Refractive index 
S°20, W Sedimentation coefficient at 20°C in water extrapolated to zero 
concentration 
SC210 + Sea Cure 210 +a glutamate salt chitosan Pronova, Norway 
SEC Size exclusion chromatography 
STM Scanning tunneling microscopy 
TEM Transmission electron microscopy 
7 v-bar: partial specific volume (g/ml) 
IV 
Chapter 1 
Introduction 
1.1 Drug delivery 
The delivery of drugs into the body can take many forms; patches, injections, creams and, 
of course, the most favoured route 
- 
oral delivery. Oral delivery is the favoured route 
because of the ease of taking to the prospective patient. The administration of 
pharmaceutical dosage forms via the mouth is generally well accepted. It can easily be 
taken anywhere and is safe. In contrast invasive methods, injection for example, usually 
require the assistance of trained health care personnel and these procedures involve 
certain risks. 
The oral administration of a drug begins with ingestion of the dosage form through the 
mouth. It then passes down the oesophagus into the stomach. Little drug is absorbed in 
the stomach due to its relatively small surface area. The major site for the absorption of 
most drugs is the small intestine. It is ideal because of its large surface area (-100 m2 in a 
healthy adult) and near neutral pH (Davis, 1989). Theoretically, drug absorption can 
occur along the entire length of the small intestine, however the majority of drugs are 
actually absorbed from the proximal small intestine (Booth, 1967). However if the drug is 
poorly soluble or is in a controlled release dosage form then significant absorption can 
also take place in the large intestine (Davis, 1989) despite the fact that it has a limited 
surface area. Oral drug delivery ceases eventually with the faecal excretion of any 
unabsorbed drug. 
There are however many barriers to delivery of oral drugs; chemical degradation in the 
stomach, gastric emptying, intestinal motility, solubility and metabolic breakdown during 
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passage through the mucosa and subsequent first-pass metabolism by the liver (Li et al., 
1987). Because of these the actual bioavailability of a drug can be much smaller than that 
ingested. 
It is believed for many dosage forms that the critical factor in its absorption from the gut 
is its residence time in the small intestine. So a possible method for increasing 
bioavailability would be to increase the residence time of the dosage form in the 
gastrointestinal tract through adhesion to the mucous. An example of such a drug is 
hydrochlorothiazide a polar drug whose bioavailability is believed to be dependent on its 
residence time at or upstream of its small intestinal absorption window (Beermann et al., 
1976; Lynch et al., 1987). It is also important in the case of controlled release drug 
delivery systems, which are designed to release drugs over an extended period of time (4- 
12 hours for example). Once these have passed the optimal site for absorption (i. e. the 
small intestine) they are delivering drug to a non-optimal site for absorption. (Davis, 
1985). The ideal controlled release system should release drug at a constant rate to 
maintain a constant plasma level comparable to that of an intravenous infusion (Förster 
and Lippold, 1982). 
Adhesion can be defined as when two or more molecules are attached to each other by 
interfacial features for what is defined as an `extended' period of time (Duchene et al., 
1988). Bioadhesion refers to adhesive phenomena where at least one of the adhesives is 
of biological nature, it is referred to as mucoadhesion when the biological substrate is a 
mucosal surface. 
1.2 Methods to delay gastrointestinal transit 
Many attempts have been made to delay gastrointestinal transit. These have involved 
pharmacological, physiological as well as pharmaceutical approaches. Pharmacological 
approaches involve the co-administration into the drug preparation of another drug that 
acts to delay gastrointestinal emptying such as antimuscarinics, for example 
2 
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propantheline which is a smooth muscle relaxant (Beerman and Grochinsky-Grind, 
1978). Another alternative is to use a drug that changes intestinal motility, for example 
opiate analgesics or derivatives such as loperamide (Minami and McCallum, 1984). 
There are of course potential side effects from regular use of these methods, which makes 
their regulatory approval doubtful. 
A physiological approach is the use of natural materials or fat derivatives such as 
triethanolamine myristate (Gröning and Heun, 1984,1989), which stimulate the duodenal 
or jejunal receptors to slow gastric emptying. The use of large amounts of a volume 
filling polymer such as polycarbophil (Harris et al., 1990a, b) can induce a fed-like state 
and delay gastric emptying due to a blocking effect. 
Pharmacological and physiological approaches thus set out to delay gastrointestinal 
transit by modification of the rate of gastric emptying using delaying agents. By contrast, 
pharmaceutical strategies attempt to achieve the same objective by actually retaining the 
dosage form at or upstream of its absorption site for as long as possible. This is achieved 
by a particular physical or physicochemical characteristic. Mucoadhesion is one method 
by which this can be achieved. 
(i) Swelling balloon hydrogel. If large enough, the formulation will not be expelled 
from the fasted stomach even when the pyloric sphincter is in its non-contracted state. 
The size of such systems has to increase after ingestion to an extent that gastric emptying 
is totally inhibited (Mods, 1993). The size-related retention of a dosage form in the 
stomach has been studied with various systems to include systems such as swelling 
balloon hydrogels (Park and Park, 1987) or unfolding stratified medicated polymer sheets 
(BE Patent No. 867,692) or non-erodible or erodible tetrahedron shaped devices (Cargill 
et al., 1988,1989). These have never passed beyond the experimental stage and clinical 
data are unavailable. In any case these gastric retention devices may not be safe. The 
hazard of lodging in the oesophagus (Kikendall et al., 1983; Al-Dujaili et al., 1983; 
Wilson, 1990) or permanent retention in the stomach with cumulative effects (Brahams, 
1984; Vere, 1984) could lead to life-threatening problems. 
3 
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Another approach uses dosage forms of moderately high density, based on the premise 
that high density formulations remain in the stomach longer than conventional 
formulations, since they would be localised in the lower part of the antrum provided the 
density exceeds that of the normal stomach contents, i. e. > 1.4 g/ml (Bechgaard and 
Ladefoged, 1978). The effectiveness of this approach has not been confirmed on a broad 
basis and the evidence remains controversial (Mods, 1993). 
(ii) Buoyant density/flotation approach. This approach uses buoyant dosage forms 
which float on the gastric contents as a result of their relatively low density. Floating 
dosage forms have been discussed extensively by Mods (1993): The first floating dosage 
forms (F forms) (Sheth and Tossounian 1984), also called `hydrodynamically balanced 
systems' (HBS), were able to maintain their low density while a polymer hydrated and 
built a gelled barrier at the outer surface. Hoffmann-LaRoche produced patents for 
floating drug delivery systems and in vivo studies on diazepam HBS capsules such as 
Valium* CR and Valreleasez' and the L-dopa plus benserazide containing formulation 
Madopart H13S (Prolopa" HBS). Mods (1993) has attempted to clarify the conflicting 
views on the gastric retention capabilities of floating systems resulting from a number of 
in vivo trials by different authors (Müller-Lissner and Blum, 1981; Davis et aL, 1986; 
Timmermans and Mods, 1990; Kaus, 1987; Sangekar et al., 1987). 
(iii) Polymer mucoadhesion. This involves attachment or encapsulation of the drug with 
a polymer which interacts with either the mucosal epithelia/ glycocalyx lining of the 
gastrointestinal tract (this is called `direct' mucoadhesion) or mucous surfaces (the gel 
and the sloughed mucus in the lumen) lining the gastrointestinal tract hence providing a 
macromolecular `brake' to the movement of the drug. A good challenge for 
mucoadhesion is the delivery of orally administered polar drugs (and possibly peptides 
and proteins). These materials have low absorption characteristics (and for peptides and 
proteins have stability problems due to enzymatic degradation and biotransformation). A 
mucoadhesive alternative route to parenteral administration would be highly desirable 
(Wearley, 1991). 
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If the polymer carrier can access and interact directly with the surface mucosal 
epithelium or glycocalyx, the decrease in diffusion path from the oral drug delivery 
system to the absorbing biological membrane could be an additional advantage for 
improving absorption particularly in intestinal delivery of peptide drugs, at the same time 
minimizing dilution and possible degradation in the luminal fluids (Hayton, 1980). The 
further addition of penetration enhancers to an adhering dosage form could enable 
alteration of membrane permeability and inclusion of specific enzyme inhibitors could 
prevent early degradation of the peptide (Wearly, 1991) and consequently increase 
bioavailability. However, the epithelium may not be accessible: instead the indirect route 
of interaction with the 
- 
40-450 gm thick mucosal surface/ gel lining the gastrointestinal 
tract provides the most likely strategy. It is also worth noting that mucus is also not a 
major barrier to absorption. 
The adhesion of gastrointestinal retention dosage forms to the mucosa has been studied 
for over a decade, mainly by in vitro or ex vivo test with few in situ or in vivo studies and 
even fewer trials in man. Despite the fact that bioadhesion, or more specifically 
mucoadhesion, has led to some success in drug delivery for ocular, buccal, nasal, vaginal 
and cervical applications (Chen and Cyr, 1970; Schor et al., 1983; Nagai et al., 1984; 
Nagai, 1986; Duchene et al., 1988; Greaves and Wilson, 1993; Smart, 1993; Bouckaert, 
et al., 1994), gastrointestinal mucoadhesive drug delivery systems have yet to be 
succesfully established (see, e. g., Helliwell, 1993; Fiebrig et al., 1995a). 
1.3 The mucosal lining 
The last ten years has also seen a tremendous advance in our understanding of the 
structure and molecular biology of mucus, and in particular its major macromolecular 
component, mucin. Mucus is a viscoelastic substance with a characteristic stickiness and 
ability to stretch into strands. By weight mucus mostly consists of water (95%-99.5%) 
and exists in a gel or in a viscous solution. Its most important polymeric, gel-forming 
component is the mucus glycoprotein mucin (0.5%-5%) (Harding, 1989; Carlstedt and 
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Sheehan, 1988; Neutra and Forstner, 1987; Gibbons, 1972). Specialised cells secrete the 
adherent mucus layer in the gastrointestinal tract. They are surface epithelial cells found 
mostly in the stomach but also in other parts of the gut and the goblet cells of the small 
and large intestine, as well as Brunner's glands in the duodenum (Neutra and Forstner, 
1987; Allen, 1989). Unlike other gastrointestinal secretions, mucus adheres to the 
mucosal epithelial surfaces as a water insoluble gel until degradation and erosion takes 
place (Allen, 1989) leaving a mucin solution or slough on the lumen side of the gel. 
For monitoring the thickness of the mucin a novel method has been developed which for 
the first time enables the preservation and visualization of the full thickness of the 
adherent gastric mucus layer and the underlying mucosa (Jordan et al., 1998). This 
involves a modified periodic acid SchifflAlcian Blue staining technique for use on 
cryostat sections of gastric mucosa. 
It is believed that the adherent mucus layer plays a major role in protection of the delicate 
underlying epithelium against endogenous and exogenous attack, such as acidic pH 
(providing a boundary layer), digestive enzymes (pepsin), pathogens (bacteria) and 
abrasion, while the soluble mucus may play an important role in acting as a lubricant for 
ingested food. The requirement for such a protective adherent gel layer is obvious since 
from a physiological point of view the luminal side of the gastrointestinal tract can still 
be considered as the outer side of the body. These and other aspects regarding the 
function of mucus have been extensively described by various authors e. g. Allen (1981, 
1983,1989), Silberberg and Meyer (1982) and Bhaskar et al., (1992). Chemical analysis 
of the mucus gives evidence of a heterogeneous material which also contains small 
amounts of a variety of proteins, lipids, bacteria, sloughed-off epithelial cells and in some 
cases nucleic acids (Creeth, 1978). It becomes clear that mucoadhesion is a process that 
involves large amounts of water, where the mucins play a key role in maintaining the gel- 
like properties of the substrate for a potential drug delivery platform. The mucins 
themselves display considerable heterogeneity that has been well described elsewhere 
(e. g. Carlstedt and Sheehan, 1984; Neutra and Forstner, 1987; Allen, 1989; Sheehan and 
Carlstedt, 1989; Harding, 1984,1989). 
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1.4 Mucin 
Mucins are large molecules with molecular weights ranging from 0.5x 106 to over 20x 106 
g/mol. They contain large amounts of carbohydrate (for gastrointestinal mucins 70%- 
80% carbohydrate, 12%-25% protein and up to 
-5% ester sulphate). Undegraded mucins 
are made up of multiples of a basic unit (M-400,000-500,00), linked together into the 
macroscopic mucin molecule. Although originally thought to be arranged in a windmill 
type of structure (Allen, 1978), this model has since been shown to be incorrect: Instead 
the molecule is linked into linear arrays as shown by Creeth, Harding and coworkers 
(Harding et al., 1983a, b) and by Carlstedt, Sheehan and coworkers (Carlstedt & Sheehan, 
1984). Although linear, the mucin molecule in solution is loosely/ randomly coiled into a 
spheroidal, highly swollen domain as confirmed by molecular hydrodynamics. Examples 
from electron microscopy clearly showing both these features are presented in Figure 1.1 
which shows the linear secondary structure (Figure 1.1 a) and the highly glycosylated 
spheroidal domains (Figure 1.1b) (Fiebrig et al., 1995b). The total architecture seems to 
be very similar for mucins from a variety of sources (for example gastric, respiratory or 
cervical). The basic units are linked together by regions of low or no glycosylation which 
are subject to trypsin digestion: the -400-500 kDa digestion products are thus commonly 
referred to as `T-domains' (see Sheehan and Carlstedt, 1989). Every third or fourth T- 
domain is linked by a disulphide bridge, itself susceptible to reductive disruption by 
thiols. The thiol reduction products (of molecular weight between 1.5 and 2.5 MDa) are 
commonly referred to as `subunits'. One of the most recent examples of such architecture 
in a mucin is that of colonic mucin (Figure 1.2) (Jumel et al., 1997). Even mucins 
produced externally by cell-lines appear to adopt this architecture, although they appear 
to be only up to one or two subunits in length (mol. wt <5 MDa) (Dodd et al., 1998). 
Mucins which are different are the submaxillary mucins, with a lower carbohydrate 
content and different structure, but these are not so relevant in terms of gastrointestinal 
adhesion strategies. 
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Figure 1.1 Electron micrographs of gastric mucin prepared by (a) air drying onto mica, 
x29,800; (b) critical point-drying, x69,230; followed in each case by rotary shadowing 
with platinum at an angle of 5°. In (a) a 2-dimensional `plan' is seen of the protein 
backbone. In (b) the mucin is visualized with its 3-dimensional structure retained, the 
highly glycosylated spheroidal regions are clearly visible (taken from Fiebrig 1995). 
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Figure 1.2 The linear random coil model for the mucin macromolecule. (Taken from 
Jumel et a!., 1997). 
Heavily ylycosylated swollen coil M., 
- 
400,000 Da 
'Naked' protein region M, 100,000 Da 
Overall spheroidal domain M, 2-20 x 106 Da 
1.4.1 Primary structure of mucins 
These advances in our understanding of the gross structure of mucins have been matched 
by similar advances that have occurred in the last ten years in our understanding of the 
primary structure of mucins. Although direct sequencing of the protein chain has been 
virtually impossible because of the insolubility of mucins stripped of their carbohydrate, 
at least nine different genes coding for mucin production have now been sequenced (see 
e. g., Hounsell et al., 1997 & references therein). These are called `MUC' genes and the 
ones known to date and the sources of mucin they code for are given in Table 1. The 
most important gene products as far as mucoadhesion are concerned appear to be MUC2 
and MUC3 in the small intestine and colon, and MUC5AC, MUC5B and MUC6 from the 
stomach. 
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Table 1.1 Characterised mucin genes (from Hounsell et al., 1997) 
MUC gene Location 
MUC 1 Breast and colon cell surface episialin 
MUC 2 Colon and small intestine goblet cell 
secretion 
MUC 3 Intestinal tissue 
MUC 4 Tracheobronchial tract 
MUC SAC Respiratory tract and goblet cell secretion 
MUC SB Submaxillary gland secretion 
MUC 6 Gastric gland secretion 
MUC 7 Salivary gland secretion 
MUC 8 Respiratory tract 
The protein sequences emerging from elucidating these genes confirm the presence of 
large amounts of serine and threonine, sites for the O-glycosylation, and also the large 
amounts of proline - which has been known for years (Harding et al., 1983 a, b) to assist 
with the coiling of the mucin molecule. This knowledge of the genes has also revealed 
the concept of a tandem repeat of sequences of amino-acid throughout the linear 
polypeptide backbone Figure 1.3 shows a typical intestinal mucin gene product with 
highly glycosylated region and areas for either inter or intra molecular disulphide bridges. 
The O-linked carbohydrate chains may contain up to five different monosaccharides; 
namely D-galactose, L-fucose, N-acetylglucosamine, N-acetylgalactosamine and sialic 
acid (Figure 1.4). As multi-branched oligosaccharides they are covalently attached via 0- 
glycosidic linkages from N-acetylgalactosamine to serine and threonine residues of the 
protein core. The absence of uronic acid and only trace amounts of mannose (<1%) 
distinguish mucin glycoproteins from the proteoglycans of connective tissue and serum 
glycoproteins, respectively. Sialic acid residues, which belong to a family of acidic 
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sugars, are in gastrointestinal mucins usually either N-acetyl or N-glycollyl-neuraminic 
acid. They are usually in a terminal position on the carbohydrate chain, whereas ester 
sulphate residues occur in a more internal position, e. g. as N-acetylglucosamine-6- 
sulphate in pig gastric mucus (Allen, 1978; Slomiany and Meyer, 1972). They both 
contribute in giving the molecule a net negative charge, thought to be of importance in 
interactions with polycationic materials (Lehr et al., 1992b; Fiebrig et al., 1994). Other 
potential residues for mucoadhesive interaction are the carbonyl (hydrogen bonding) and 
methyl (hydrophobic bonding) groups on the N-acetyl residues and another methyl group 
on fucose. 
Figure 1.3 Schematic of intestinal mucin. The amino terminus is on the left, carboxyl on 
the right. A cysteine-rich region occupies the last of the carboxyl end of the molecule. 
The heavily glycosylated area is boxed and contains mostly O-linked oligosaccharides 
(wavy lines) as well as a few N-linked (tridents). The disulphide bridges are also shown 
though it is unclear whether they are inter or intra molecular (Taken from Bansil et al., 
1995). 
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Figure 1.4 The principle sugars of gastrointestinal (also bronchial and cervical) mucins. 
The key ones, in terms of possible interaction sites for mucoadhesives are (4) galactose, 
(5) sialic acid (-COO- group for electrostatic interaction, R=H, R1 = COCH3, R2 = H, 
R3 = H, R4 = H), (3) N-acetyl glucosamine and (2) N-acetyl galactosamine (-000H3 
group, with the carbonyl for H-bonding) and the hydrophobic methyl residue of (1) 
fucose (-CH3 group) (taken from Harding, 1989). 
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A recent development has been the discovery that mucins purified from different areas of 
the porcine stomach differ in terms of their oligosaccharide composition (Karlsson et al., 
1997). Karlsson et al. purified mucins from the antrum, fundus and cardiac regions (see 
Figure 1.5) and analysed them using mass spectrometry techniques. They found that the 
mucins purified from the cardiac region had the highest negative charge of the three. 
They postulate that this negative charge must be mostly due to sulphation of the 
oligosaccharides as only small amounts of sialic acid were found. They also found that 
the fundus mucin population had the longest average side chain length compared to the 
other two. 
Figure 1.5 Anatomy of the porcine stomach. (A) Eusophagus, (B) Cardiac gland region, 
(C) Proventricular part, (D) Fundic gland region, (E) Antrum gland region, (F) 
Duodenum. 
1.5 Is mucus an appropriate target? 
There are three physiological aspects which remain critical for the concept of 
gastrointestinal mucoadhesion: (i) turnover of the adherent mucus layer, (ii) interactions 
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of the formulation with soluble, i. e. non-adherent mucus prior to adhesion and (iii) 
gastrointestinal motility. 
1.5.1 Turnover of the adherent mucus layer 
The mucus lining of the gastrointestinal tract is constantly being eroded by proteolysis 
and mechanical sloughing (Allen, 1981; Allen and Caroll, 1985). The most important of 
these is thought to be the latter caused by the ingestion of food and its digestion 
(Waldron-Edward, 1977). An equilibrium exists at the mucosal surface between mucus 
secretion and mucus erosion. If the mucus is not replaced by the secretion of new 
material then it will not be able to fulfill its protective role (Allen et al., 1993). The 
difficulties in measuring mucus secretions in vivo has been outlined by Allen (1989). 
Studies on the turnover time of intestinal mucus gel layer in the rat in situ loop (Poelma 
and Tukker, 1987) by Lehr et al., (1991) have attempted to shed some light on the 
limitations to gastrointestinal mucoadhesion. The maximal residence time of a 
bioadhesive drug delivery system at the site of adhesion is limited by the time it takes for 
the mucus gel layer to be renewed as determined by the steady state of synthesis, 
secretion and degradation of the mucins (Allen, 1981). Although the estimate for the 
mucus turnover time is relatively crude (47- 270 min), it is interesting to find that this 
time scale is similar to the mean residence time found for mucoadhesive microspheres 
(94±18 min) in earlier experiments using the same animal model (rat). Furthermore it has 
been observed that stimulating the mucus output, by perfusion with 10 mM sodium 
taurocholate, led to a significant shortening of the mean residence time of microspheres. 
Of even greater interest is the observation that the microspheres did not become detached 
from dead mucosal tissue in vitro when the system was stirred for more than 18 h. This 
leads to a further consideration; that of choosing an appropriate model system. This will 
be discussed in more detail below. Although mucus turnover in an in situ isolated gut 
loop in the rat (which has undergone surgery and has been removed from its normal 
function) may be different from mucus turnover in healthy humans or patients, this 
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physiological factor will limit potential adhesion to the adherent mucus in the 
gastrointestinal tract. 
1.5.2 Competitive inhibitory interactions with soluble mucin 
Any formulation entering the gastrointestinal tract interacting with the mucus gel is likely 
also to interact with soluble mucins of the "slough" or luminal material. This is an 
unavoidable complication that will reduce the efficiency of any adhesive system. That is 
any adhesive system targeted for groups on the mucus gel will also have the possibility of 
interacting with the soluble mucus present in the gastrointestinal lumen. Even if the 
epithelial cells are targeted, a `competitive inhibition' for the mucoadhesive will recur as 
has been shown recently by Lehr et al., (1992a). These authors used tomato lectin, a 
material that specifically binds to isolated pig enterocytes and monolayers of human 
Caco-2 cell cultures, that was proposed as a favourable candidate for specific bioadhesion 
to epithelial cells of the gastrointestinal tract. However, binding also occurred with crude 
pig gastric mucus. Other competitive inhibitors for mucoadhesion may also derive from 
other soluble components within the gastrointestinal tract, such as bile salts (Anderson, 
1991). 
1.5.3 Gastrointestinal motility 
Gastrointestinal motility patterns and in particular the so called `housekeeper wave' 
which involves strong gastrointestinal contractions, serves as a cleaning mechanism to 
clear all indigestible materials, including non-disintegrating dosage forms, from the 
stomach or proximal intestine (Code and Marlett, 1975; Grundy, 1985; Leung and 
Robinson, 1988). Thus, a good oral mucoadhesive drug delivery system also needs to 
resist the cleaning action of the `housekeeper wave' and remain in the stomach or 
proximal small intestine. 
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1.6 Target for mucoadhesives 
The target phase (in the stomach, small intestine and colon) most relevant to the concept 
of mucoadhesion is the water insoluble mucus gel lining the mucosa of the 
gastrointestinal tract. This mucus layer has a variable thickness, 50-450 µm, in man and 
about half that in the rat (Allen, 1978; Kerss et al., 1982), with regional differences. In 
the colon the adherent gel is about mean 65 µm with something in the region of another 
700 µm mobile viscous mucus that can be removed by suction. An important point is that 
in both cases the adherent gel barrier is continuous. 
A variety of groups on the sugar residues on mucins provide potential sites for interaction 
of either an electrostatic, hydrogen bond or hydrophobic nature. This gives plenty of 
scope for potential mucoadhesives. 
1.7 Mucoadhesives 
The most important requirement of a mucoadhesive is that it must be non-toxic with no 
undesirable physiological or pharmacological actions, and should not be expensive. To 
this end, biopolymers, and in particular food grade polysaccharides are particularly 
attractive candidates (see Tombs and Harding, 1998). Other important criteria are that the 
mucoadhesive should have good wettability (and spreading ability) and high drug loading 
and a suitable unloading capacity. The following molecular properties are important 
considerations: charge, hydrogen-bonding, hydrophobicity, flexibility (ability to 
overcome steric hindrance problems) and molecular weight/ molecular weight 
distribution. The following molecular environmental factors are important: solubility, 
pH, ionic strength, presence of other salts (e. g. bile) and other macromolecules 
(antibodies, enzymes, polysaccharide etc. ). 
For bioadhesion to occur, an intimate contact between the adhesive and the substrate 
(mucus) is a prerequisite. Factors like good wettability as well as hydration are important 
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(Huntsberger, 1967; Chen and Cyr, 1970; Peppas and Buri, 1985). During the 
establishment of the adhesive bond the total surface energy between the two materials is 
diminished, eliminating two free surfaces and creating a new interface. This first step is 
believed to be followed by physical or mechanical bond formation obtained by deposition 
and inclusion of the adhesive material in the crevices of the mucus and chain 
entanglement between polymer chains of both phases (also referred to as inter-diffusion) 
(Bodde, 1990; Jabbari et al., 1993). Lehr et al., (1992b) have used electron microscopy in 
an attempt to visualize intermixing between a polyacrylic acid derivative (polycarbophil) 
and mucus. They were unable to observe intermixing in the micron range but did not 
exclude this phenomenon for the nanometre range. Sufficient chain flexibility is required 
to form secondary chemical bonds such as van der Waals forces as well as hydrogen 
bonding (Leung & Robinson, 1988; Duchene et al., 1988). The formation of primary 
(covalent) chemical bonds is important in hard tissue adhesion in orthopaedics and 
dentistry. However, for mucoadhesion, chemical reactions of this type have not been 
considered so far, since a long term attachment is not required (Peppas and Buri, 1985). 
1.7.1 Polyanionic and neutral polymers 
Polymers with hydroxyl or carboxyl groups on their surface had been earlier claimed as 
being the most desirable candidates for bioadhesion, rather than polymers with other 
functional groups or cationic moieties (Peppas and Buri, 1985). The synthetic polyacrylic 
acid derivatives known as polycarbophils (Carbopol" EX-55) and carbomer (Carbopola 
934) have to date been by far the most studied mucoadhesive polymers (Table 18.3 of 
Fiebrig et al., 1995a). Both materials are polyanionic and interaction with mucus has 
largely been attributed to entanglement of the polymer chains. This is a result of swelling 
of the polymer when solvated and hydrogen bonding due to the carboxyl groups being in 
their unionised state at low pH (Robinson et al., 1987; Leung and Robinson, 1988; 
Ponchel et al., 1987a, b; Jabbari et al., 1993). Polycarbophil is described as a water 
insoluble but swellable polymer of polyacrylic acid crosslinked with divinylglycol and 
used clinically in the treatment of diarrhoea and as a bulk laxative. Carbomer is a water- 
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soluble polymer of acrylic acid loosely crosslinked with allylsucrose. There have also 
been a wide range of polyanionic polysaccharides as possible biopolymer alternatives, 
such as alginate, pectin, carrageenan, xanthan and carboxy-methyl cellulose, but 
macroscopic (Lehr et al., 1992c) and molecular studies (Anderson, 1991; Fiebrig, 1995) 
have yielded little or no mucoadhesion for these substances. This could possibly be due 
to the fact that both the mucoadhesive and the mucin are polyanionic, the results for 
polycarbophil are therefore rather surprising. 
1.7.2 Polycations 
According to Anderson et al., (1989), Anderson (1991) and later Lehr et al., (1992c), the 
need for hydrogen-bonding capabilities and negative charge in bioadhesive materials 
should not be generalized. These workers suggested that polycationic polymers might 
interact with the anionic sites on the mucins more favourably due to their opposite 
charges providing additional molecular attraction forces. For example, interactions 
between charged polymeric molecules have been employed in colloidal titration 
(Terayama, 1952). The method is based on the principle that positively charged 
macromolecules will react with negatively charged macromolecules. The neutralisation 
reaction will proceed stoichiometrically, allowing an estimation of either material if a 
standard colloid solution is used. Katayama et al., (1978) used the method for the titration 
of heparin using polydiallyldimethyl ammonium chloride as a standard polycation. Van 
Damme et al., (1992) measured the negative charge content in cartilage using 
polydiallyldimethyl ammonium chloride as well. Interactions between alginates and 
pectins with cationic polypeptides such as poly(L-lysine) and poly(Lys-Lys-Ala) have 
been studied using circular dichroism (Bystricky et al., 1990). Differences in interaction 
efficiency between the polymers were attributed to differences in conformational 
flexibility of the polyanionic chains in solution. Takahashi et al., (1990) studied the 
characteristics of polyion complexes of chitosan with sodium alginate and sodium 
polyacrylate using viscometry and Fourier transform infra-red spectroscopy (FT-IR). 
They found that chitosan and alginate reacted with a defined binding ratio that was found 
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to be relatively constant in media of various pH values. In contrast, for polyacrylate- 
chitosan interactions the unit molecular binding ratio was greatly affected by the pH. (n. b. 
chitosans are generally poorly soluble above a pH 
-6). 
1.8 Chitosans 
Figure 1.6 The Chitin (a) and Chitosan (b) macromolecules. 
(a) 2H3 
Cp L-,, Q20H 
HO ZOH H 
H CH2OH H NH 
OO 
H C3 CH3 
(b) 
H 
FA=1 
FA=O 
Chitosan appears to be an ideal, candidate as a mucoadhesive polycationic polymer 
- 
it 
is produced on a large scale (Jeuniaux et a!., 1989; Alimuniar and Zainuddin, 1992). 
Although chitosan has not yet received regulatory approval by the Food and Drug 
Administration (FDA) for pharmaceutical use, chitosan containing material obtained 
from the treatment of the waste streams of food processing plants may be used as 
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livestock feed in the U. S. A. so long as the level of chitosan does not exceed 0.1% 
(Weiner, 1992). It is known to interact with other proteins such as lysozyme (Cölfen et 
al., 1996). Its properties are quite different from polyanionic chitin derivatives, such as 
carboxy-methyl chitin (Korneeva et. al, 1996). 
Chitosan (Figure 1.6) has been approved as a food additive in Japan since 1983 (and also 
in some European countries) and has been placed on the "Japanese Natural Additive 
List". It is used as a thickener and stabilizer (Weiner, 1992). It is a food ingredient in 
some dietary cookies and noodles from Hihon Kayaku Inc. and Tanami Foods Inc. as 
well as in vinegars of Nakano Inc., making use of its hypocholesterolaemic properties 
(Hirano, 1989). The food industry has also exploited the chelating properties of chitosan 
for the clarification of beverages such as apple and carrot juices (Imeri and Knorr, 1988; 
Soto Peralta et al., 1989). 
The lack of acute oral toxicity of chitosan has been supported by experiments in mice 
(Arai et al., 1968) who determined an LD50 of > 10g/kg. However the literature lacks 
adequate scientific studies on long term and widespread human exposure through food 
and pharmaceutical products (McCurdy, 1992). 
Chitosan is a derivative of chitin; the insoluble structural exoskeletal polysaccharide of 
the shells of crabs and lobsters and can be harvested very cheaply (see Tombs & Harding, 
1998); the chief producers being Norway, Japan, China and Russia. Like cellulose it is a 
ß(1->4)-n-glucan. Unlike cellulose the residue on the number 2 carbon atom in the ring 
is N-acetylated (Figure 1.6). In native chitin these residues are fully acetylated. However, 
after extraction the chitin molecule can be deacetylated to varying degrees to give a 
polycationic molecule. The degree of acetylation is represented by the parameter FA, with 
FA= 1 (fully acetylated) corresponding to pure chitin and FA=O to fully deacetylated 
chitosan. 
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Variations in molecular weight and degree of deacetylation together with the ability to 
form gels and films allow flexibility in formulation design (Acatürk, 1989; Miyayaki et 
al., 1990; Errington et al., 1993). 
1.9 Strategies for studying mucoadhesion 
There are two separate methods for studying mucoadhesion direct and molecular. Direct 
methods involve a study of a macroscopic interaction, usually involving whole mucus, 
whereas the molecular methods focus on the interactions and usually involve the purified 
mucin component. 
The assay methods can either employ freshly excised tissue from various animals (frog, 
rat, rabbit, pig, cow, etc. ), used either immediately as live or dead tissue or stored frozen 
and defrosted prior to use, or they use mucus or mucin at various degrees of degradation 
and purity either solubilised or as gel (usually from pig stomach or bovine submaxillary 
glands). Whatever model material is used, its relevance to the human mucus, whether in 
health or disease state, has to be considered (MacAdam, 1993). Dead mucosal tissue may 
well not produce any new mucus, while degradation of existing mucus will still take 
place. This will have a marked effect on the rheological characteristics of the substrate, 
considered to be highly relevant to adhesional phenomena. Mucus thickness may vary 
from species to species and intersubject, as well as intrasubject, variability of the mucosal 
tissue poses problems in terms of reproducibility. For the mucin based procedures, 
mucins, once extracted are subject to degradation by enzymes and mechanic disruption: 
they have to be handled with extreme care, and enzyme degradation must be kept to a 
minimum (e. g. by extraction in guanidine hydrochloride (Sheehan and Carlstedt, 1989) or 
with adequate protease inhibitors present). Mucin carbohydrate composition also varies 
within the gastrointestinal tract (Allen, 1989). 
Small intestinal mucin is very difficult to solubilise and available in only small quantities. 
Gastric mucin from pigs appears to be an alternative since it is available in larger 
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quantities and although its sialic acid content is low, its carbohydrate composition is 
comparable to human gastric mucin. Purification methods allow the removal of other 
components present in mucus in order to obtain purified mucin which still shows the gel- 
forming characteristics of native mucus (Sheehan & Carlstedt, 1989; Bell et al., 1985; 
Allen, 1989). 
Commercially available pig gastric mucins or mucus are somewhat different in the detail 
of their composition when compared with freshly prepared and purified material. They 
may be rather degraded or the freeze drying procedure may have altered the structure in 
such a way that it becomes difficult to redissolve them completely. Commercially 
available `submaxillary' mucins are quite different from the mucins secreted in the 
gastrointestinal tract. They are secreted in a viscous soluble form rather than as water- 
insoluble gels (for a discussion of these differences see Gottschalk et al., 1972). 
Nevertheless, highly purified mucins can give more accurate information on the actual 
nature of the interaction of a putative mucoadhesive with the main mucin-forming 
component. The use of dilute mucin solutions also allows the study of mucin- 
bioadhesive polymer interactions on a fundamental level. 
It has been recognized that the degree of hydration of the bioadhesive drug delivery 
system, as well as the amount of water available, plays an important role in determining 
the strength of adhesion or whether adhesion can take place at all (Leung and Robinson, 
1988; Chen and Cyr, 1970). The hydration aspect can be controlled in local applications 
such as mouth or vagina by drying excess water in the area immediately prior to 
application (Deasy and O'Neill, 1989). In the gastrointestinal tract, however, excess 
water at the site of adhesion as well as excess in the amount of surrounding liquid cannot 
be controlled. Lehr et a!., (1992c) pointed out that numerous so-called mucoadhesive 
polymers adhere only under conditions where the amount of interstitial liquid is limited. 
This kind of dry-to-wet adhesion or "blotting adhesion" is due to the capillary forces 
drawing liquid from the mucus into the delivery system (Huntsberger, 1967; Lehr et a!., 
1992c; Mortazavi and Smart, 1993). If the polymer involved offers no intrinsic ability to 
form a bond with the substrate (e. g. some cellulose derivatives), the initial adhesive 
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forces, although high at the beginning may become negligible as soon as the material is 
fully hydrated (Junginger and Lehr, 1990). Therefore, adhesion measurements in fully 
hydrated systems and over a period of time are necessary to avoid attributing a high 
adhesive force erroneously to intrinsic mucoadhesive properties. The adhesion 
mechanism of capillary attraction between a dry, water-absorbing polymer and a wet, 
mucosal surface being dehydrated is quite different to the interactions between two 
hydrogels (polymer and mucus) in equilibrium with a third liquid phase (Mortazavi and 
Smart, 1993). 
1.10 Aims of this study 
The experiments presented in this thesis are designed to try and determine the factors that 
effect the interaction between mucin and chitosan focussing on the effects of ionic 
strength, degree of acetylation, and source of mucin on the interaction. Also studied was 
Mytilus edulis foot protein I another potential mucoadhesive. 
This work follows on from two previous studies conducted by Immo Fiebrig (1995) and 
Morag Anderson (1991). Anderson investigated the whether pig gastric mucin interacted 
with anionic polymers (sodium alginate, sodium carboxymethyl cellulose and xanthan) 
the interaction with a cationic polymer was also investigated (DEAE-dextran). No 
interaction was found between the polyanions using analytical ultracentrifugation but an 
interaction was measured between DEAE-dextran and mucin. Fiebrig (1995) followed on 
this work by studying the interaction of mucin with other polycationic materials, 
including a preparation of chitosan. He found a strong interaction between pig gastric 
mucin and chitosan and investigated it again using the technique of analytical 
ultracentrifugation but also used electron microscopy, turbidimetry and static light 
scattering. 
Chapter 2 outlines the theoretical background of analytical ultracentrifugation and light 
scattering. These techniques with atomic force microscopy have been used to characterise 
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the mucin/chitosan complex. Chapter 3 describes the materials used in this thesis, the 
purification of mucin the substrate for adhesion. Also described are the experimental 
conditions used to characterise the complex. The results of the characterisation of the 
three mucin substrates are presented in Chapter 4. The substrates were characterised 
using multi-angle laser light scattering linked on-line to size exclusion chromatography. 
Chapter 5 contains the results for the determination of the sedimentation coefficient for 
the mucin/chitosan mixtures under varying conditions. The effects of ionic strength on 
the interaction are quantified using sedimentation velocity of control and mixture 
solutions. In Chapter 6 the results from the Flow field flow multi-angle laser light 
scattering study on the complex are presented. The results from atomic force microscopy 
are presented in Chapter 7. The visualisation of the mucin macromolecule and the 
mucin/chitosan complex at different ionic strengths. Together with the results from 
chapter 5 these are used to determine the effect of ionic strength on the complex. Chapter 
8 contains the results for the characterisation of a new potential mucoadhesive Mytilus 
edulis foot protein 1. It is characterised in dilute solution and its interaction with mucin 
studied. Finally Chapter 9 draws conclusions from the work presented in this thesis, and 
contains ideas for future work. 
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Analytical Ultracentrifugation and Static Light 
Scattering 
2.1 Introduction 
Analytical ultracentrifugation and light scattering are absolute methods for the 
determination of molecular weight (i. e. they do not require standards or calibration). This 
parameter is of the utmost importance when characterising molecules in solution. 
However, it is difficult to determine for substances such as mucins and polysaccharides 
because of complications through non-ideality (caused by asymmetry, high solvent 
affinity and polyelectrolyte behaviour) and heterogeneity (polydispersity or association 
phenomena). 
2.2 Analytical ultracentrifugation 
The Svedberg is regarded as the grandfather of the analytical ultracentrifuge, it was his 
pioneering work at the beginning of this century that led to the development of this 
technique (see RAnby, 1987). The first ultracentrifuge was constructed in 1924 and by 
1925 the first results with haemoglobin were obtained. Using the ultracentrifuge 
Svedberg demonstrated that proteins existed with molecular weights in the tens of 
thousands whereas previously proteins were thought to be reversible aggregates of much 
smaller molecules. Svedberg won the Nobel Prize for Chemistry in 1926 for his work on 
colloid chemistry (see Brohult, 1987). The analytical ultracentrifuge was subsequently 
developed and used to calculate the absolute molecular weight of molecules using 
sedimentation velocity and equilibrium. The basic theory of these is described below (for 
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a more detailed description see for example Van Holde, 1998, Harding et al., 1992, 
Ralston, 1993). 
2.2.1 Sedimentation velocity 
Sedimentation velocity experiments are performed to calculate the sedimentation 
coefficient of the molecules/complexes under investigation. The material to be studied is 
placed in an ultracentrifuge cell and accelerated to a high angular velocity such that a 
sedimenting boundary forms. The boundary represents the difference between pure 
solvent of the depleted region and the uniform distribution of the sedimenting solute. The 
rate of movement of this boundary is then measured and the sedimentation coefficient, s, 
determined. The sedimentation coefficient has two components, the molecular weight and 
the shape (and hydration) of the molecule in solution. The shape of the sedimenting 
boundary can also give an indication as to the heterogeneity of a sample. 
When a molecule is dissolved in a solvent and placed in a centrifugal field there are three 
main forces that act upon the molecule. Figure 2.1 illustrates these forces. 
The sedimenting force, Fs, in a spinning rotor is a function of the mass, m (g), of the 
molecule, the square of the angular velocity, co (in radians per second), and the distance 
of the particle from the axis of rotation, r (cm). 
=mw 2r=M wer 2.1 N 
Ivl is the molecular weight of the solute (g/mol) and N is Avogadro's number. 
The buoyant force, Fb, is equal to the weight of fluid that is displaced by the particle as it 
sediments and opposes the sedimenting force. 
Fb 
= 
-mower =- vpov2r 2.2 
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Where m0 is the mass of fluid displaced by the particle (g), v is the partial specific 
volume of the solute (ml/g) and p is the solvent density (g/ml). 
If the density of the particle is greater than that of the solvent, i. e. Fs is greater than Fb, the 
particle will sediment. As the particle sediments, its velocity increases due to an increase 
in radial distance. 
Figure 2.1 Forces acting upon a molecule in solution in an ultracentrifuge cell (taken 
from Van Holde et al., 1998). 
Axis 
meniscus 
b 
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The frictional force, Ff is the frictional resistance between the moving solute and the 
relatively stationary solvent molecules and also acts to oppose the sedimenting force. 
Ff 
= 
-fv 2.3 
Where v is the velocity of the solute (m/s) and f is the frictional coefficient (g/s) which 
depends on the shape and size of the solute. Asymmetrical `rough' molecules will 
sediment much slower than spherical `smooth' molecules. 
Although forces Fb and Ff act to oppose the sedimenting force FS, once the centrifuge 
rotor has begun turning, after only a very short period of acceleration (typically less than 
10-6 seconds), the three forces come to equilibrium resulting in a net zero accelerating 
force. 
F3+F6+Ff=0 2.4 
and therefore 
wer-Mvpvr-fv=O 2.5 N 
rearranging gives 
w2r(l-vp)= fv 2.6 N 
and further 
Mý1-vpý- v 
=S 2.7 Nf wr 
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The term v/wer corresponds to the velocity of the molecule per unit gravitational 
acceleration and is termed the sedimentation coefficient, s. As previously mentioned, the 
sedimenting force does not remain constant but increases proportionally with radial 
distance, so the boundary will increase in velocity as it moves towards the cell base. As a 
result of this the velocity must be expressed as a differential, v= dr/dt, and using the 
identity (Ur) (dr/dt) = dln r/dt, equation 2.7 becomes: 
1 dinr 
s=- 
w2 dt 
2.8 
So during a sedimentation velocity experiment successive scans of the centrifuge cell at 
regular time intervals will show displacement of the boundary from the meniscus to the 
cell bottom. A plot of In r against t should be linear and the gradient can be used to 
determine the sedimentation coefficient. 
The sedimentation coefficient is also dependent on the concentration of the solute, C and 
on the temperature, viscosity and density of the solvent. It should, therefore, be measured 
at a number of different concentrations and corrected to standard conditions, i. e. those of 
water at 20°C, using equation 2.9 (Tanford, 1961) 
)%T, b ý1 - Y/o)20, w Szo. 
w = 
Sr. n 2.9 
, 
72o. 
w 
(1- vP)r, b 
where sT, b is the sedimentation coefficient at temperature, T, in buffer, b, rl is the solvent 
viscosity and w refers to water. The S20, w values should then be corrected for radial 
dilution (Fujita, 1975) and plotted against concentration. Radial dilution occurs because 
the ultracentrifuge cell is sector shaped (to prevent convection (Ralston, 1993)) so as the 
solute migrates it enters a larger volume of solvent. The corrected sedimentation 
coefficients can then be extrapolated to infinite dilution (C = 0). The sedimentation 
coefficient is concentration dependent, due to the solvent having an increased viscosity at 
higher concentrations of solute and because the sedimenting solute particles must 
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displace solvent backwards as they sediment. At infinite dilution the s°20, w value is 
obtained (Tanford, 1961). The sedimentation coefficient is usually quoted in Svedbergs, 
S, in honour of The Svedberg, where 1S is equal to Ix 10"13 seconds. 
2.2.2 Sedimentation equilibrium 
Sedimentation equilibrium experiments are performed to calculate the molar mass 
(g/mol) of the solute (numerically equal to the molecular weight in Da). A small volume 
of an initially uniform solution is centrifuged at a lower angular velocity than that 
required for sedimentation velocity. As the solute sediments towards the cell bottom the 
concentration at the bottom increases and the process of diffusion opposes that of 
sedimentation. After a period of time the two opposing forces reach an equilibrium 
(Figure 2.2) and the concentration of the solute increases exponentially towards the base 
of the cell. Measurement of the concentration at different points leads to the 
determination of the molar weight of the sedimenting solute. 
For a single macromolecular species it can be shown that (Ralston, 1993): 
2RT d(1nC) M°P° 
- (1-vp)aý2 x dr2 
2.10 
where Mapp is the apparent molecular weight of the macromolecule (g/mol), T is the 
experimental temperature (Kelvin), R is the gas constant (8.314 J K71 mol-1) and C is the 
concentration of the macromolecule (g/ml). A plot of log concentration against r2 for a 
single species at equilibrium will give a gradient proportional to the apparent molecular 
weight. 
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Figure 2.2 Representation of sedimentation equilibrium, the flow of solute due to 
sedimentation increases with radial distance (black arrows), this is balanced by the 
reverse flow from diffusion which increases with concentration gradient (open 
arrows)(from Ralston, 1993). 
Concentration 
The apparent molecular weight is determined at a finite concentration while the true 
molecular weight is obtained through extrapolation to zero concentration to remove the 
effects of non-ideality. This means that the molecular weight should be measured at 
several concentrations. However, this can frequently be avoided by keeping the (loading) 
concentration low (<0.5 mg/ml), at which for proteins the effects of non-ideality can 
reasonably be ignored and the apparent molecular weight assumed to be equal to the ideal 
molecular weight. 
If the macromolecular species being investigated are polydisperse (e. g. mucins) each 
molecular species will be distributed at sedimentation equilibrium according to equation 
2.10. Higher molecular weight material will be selectively distributed towards the cell 
base, whilst the lower molecular weight material will be distributed at the meniscus 
(Yphantis, 1964). The molecular weight that is determined is, therefore, an average. If the 
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optical system gives a direct measurement of concentration (absorption or Rayleigh 
interference) then the molecular weight calculated will be the weight average apparent 
molecular weight (M, r, app). Substituting Mw, app for Mapp in equation 2.10, the MW, app that is 
calculated corresponds to the whole cell or whole distribution weight average apparent 
molecular weight. A convenient way of obtaining this is using the M* function, an 
operational point average molecular weight. When the M* function is extrapolated to the 
cell base it equals Mw, app (Creeth and Harding, 1982). In addition to `whole distribution' 
molecular weights, MW, app, local or point average molecular weights MW, app(r) can also be 
obtained as a function of radial position, r, by sliding strip fits to the c vs r distributions 
(see Teller, 1973). The program MSTAR (Cölfen and Harding, 1997) evaluates both 
MW, app and M,,, apa(r). 
2.3 Classical light scattering 
There are three separate cases for light scattering of molecules, (i) scattering caused by 
small molecules (maximum radius < X120), (ii) Rayleigh-Gans-Debye scattering caused 
by larger molecules (7120 < maximum radius < A. ) and Mie scattering by very large 
macromolecular assemblies (maximum radius > A, ). 
We have used light scattering to characterise mucins, which are in the Rayleigh-Gans- 
Debye range 
- 
i. e. (ii). But before we consider (ii) we need to consider the simplest case 
first, i. e. (i). 
2.3.1 Light scattering by small molecules (`Rayleigh scattering') 
The theory of light scattering has been reviewed at length by many authors, see for 
example Harding et al., 1992b; Van Holde et al., 1998. What follows is a brief 
description of the basic theory of classical light scattering. 
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If the solute molecules of an ideal dilute solution are considered as independent scatterers 
of light and it is assumed that they are small in comparison with the wavelength of the 
incident light in these conditions, then it can be seen from the ratio of the intensities of 
the incident light (Io) and the scattered light (Is), in equation 2.11, that the light scattered 
by each particle is dependent upon its polarizability (Tanford, 1961). 
I, 
_ 
16, r°a2 sin2 B, 
Io 
- harz 
2.11 
Here 61 is the angle between the dipole axis (the dipole being induced in the particle by 
the incident light) and the line joining the point of observation to the dipole, r is the 
distance of the observer from the particle, X is the in vacuo wavelength of the incident 
light and a is the molecular polarizability. Molecular polarizability is easily related to the 
excess refractive index of the solution (n) over that of pure solvent (no) by equation 2.12 
where N is the number of solute particles per cm3 (Van Holde, 1998). 
n2- no = 4jVa 2.12 
By rearranging and introducing the weight concentration, C (g/ml) equation 2.13 can be 
obtained which relates the polarizability of the molecule to the specific refractive index 
increment (n-no)/C. If this is linear for the system then this can be replaced by dn/dc to 
give equation 2.14. 
a- 
(n+no)(n-no) C 2.13 
4, T CN 
no do C 
a= 
--- 2, r dC N 
2.14 
C/N is equivalent to M/NA, where NA is Avogadro's number and M is the molecular 
weight. If we substitute all of this back into equation 2.11 then we obtain: 
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Is 
_ 
2f2no(dn/dC)Z CM(1+cos2o ) 2.15 
Io r2, Z°NA 
This equation tells us that the excess scattering produced by a solution containing a 
weight concentration, C, of particles of molecular weight, M, depends on the product 
CM. It also depends on the angle with respect to the incident beam, 0, but it is 
symmetrical with regards to forward and backward scattering, if the scattering particles 
are small compared to the wavelength of the light. For such scattering, which is called 
Rayleigh scattering, we can define a quantity, the Rayleigh ratio, Re, which corrects for 
the 1+ cos20 term, and is therefore independent of angle. 
z 
RB=It r 2.16 
l0 1+ Cos' 0 
Substituting this into equation 2.15 we obtain: 
2/z2no (dn / dC)Z RB 
=N 14 
CM 
= 
KCM 2.17 
A 
where 
K_2, r2no 
(dn / dC)2 
NA24 
2.18 
These equations demonstrate that light scattering measurements can be used for the 
determination of molecular weights. With real solutions, the equations must be modified 
to take into account the non-ideality of the solution caused by, for example, excluded 
volume effects. A precise calculation can be made on the basis of the thermodynamic 
theory of Einstein (1910) and Debye (1944). Light scattering from a solution arises from 
local density fluctuations and from local fluctuations in the concentrations of the solute. 
If the scatter arising from density fluctuations is equal to that arising in the pure solvent, 
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then the excess scatter from the solution results entirely from concentration fluctuations 
(Billingham, 1977). The free energy required to create a concentration gradient in a 
solution is related to the osmotic pressure, it, of the solution and the treatment of Debye 
leads to equation 2.19 and for a non-ideal solution in equation 2.20, where A is the 
thermodynamic second virial coefficient. 
KC 1 dr 
RB RT dC 
2.19 
For a monodisperse polymer the osmotic pressure can be expressed in the form of a virial 
expansion so that equation 2.19 becomes: 
RC =I 
+2A2C+3A3C2 +""" 2.20 
where A2 and A3 are the second and third virial coefficients etc. 
Previously we have considered the case for a monodisperse solute, if we now consider 
that the solute is polydisperse there will be a mixture of n macromolecular components, 
of different individual molecular weights, M; and concentrations, C;. The total intensity 
of scattering is the sum of intensities from all components, i. e. Re is the sum of Re;. 
nn 
RB Ra K; C, M; 2.22 
If the specific refractive index increment is the same for all different species then 
equation 2.22 can be rewritten as: 
KC 
_ 
=i Cr 
_12.23 RB C, Mi M. 
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M,,, is the weight average molecular weight, since each component is counted according 
to its weight concentration in taking the average. The second virial coefficient for a 
polydisperse solute is not a simple average, but depends upon the exact form of the molar 
mass distribution function. For this reason thermodynamic parameters can only be 
evaluated from light scattering data if the polymer is fractionated into near monodisperse 
fractions (Wyatt, 1992). 
2.3.2 Light scattering by large molecules ('Rayleigh-Gans-Debye scattering') 
Large molecules with respect to light scattering are those that have a molecular weight 
greater than 30,000 g/mol (Billingham, 1977). Molecules larger than this will give rise to 
scattering from different points of the molecule that will reach the detector in different 
phases. The beams scattered from different points of a particle are coherent and therefore 
capable of interference. If the beams are out of phase and interfere, the intensity of the 
resulting light is smaller than the sum of the intensities of the two beams. As this 
interference is caused by different points in the same particle it is termed internal 
interference. The consequence of this is that the scattered intensity at any angle to the 
forward direction of the beam is greater than at the corresponding angle to the backward 
direction and Re will be dependent on 0. The scattered intensity is reduced due to internal 
interference at all angles except for zero. It is possible to eliminate the effect by 
measuring at low angles and extrapolating to zero angle. However, as internal 
interference originates from the difference in distance between the scattering centres of 
the molecule the variation of scattering intensity with angle should yield information 
about the size and shape of the molecule. 
The angular dependence of the scattering intensity for large particles can be defined as 
P(O) 
= 
RB 2.24 
0 
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Where P(O) is the scattering function, at zero angle the effect of internal interference is 
zero and so P(O) is equal to 1. The value for Ro cannot be measured experimentally as 
most of the incident light is transmitted through the solution. Ra is therefore determined 
by extrapolation to zero angle. Light scattered from different solute molecules can 
interfere, reducing the sum of the individual scattering intensities of the solute molecules, 
this effect is eliminated by extrapolation to zero concentration. 
The particle scattering function can be related to the radius of gyration, R0, of a molecule 
(see Tanford, 1961) without having to make assumptions about the shape of the 
molecule. 
zz 
1im0 
,0 
P(9) 
=1- 
R p3°2.25 
4; 0 
where u=(r) sin 
This is unique because all other measurements of the radius of gyration require some 
assumption about the shape of the molecule. Equation 2.25 can be rearranged to give: 
lime-*o P(9ý-ý 
=1 + 
16 (RG)sin2 e 2.26 
3. Z 2 
and at zero concentration and zero angle KC/R0 = 1/M, therefore: 
KC 
_II 
(I+ 16/T2 (RG2 ) sin 2e2.27 --2-) RB MP(O) M 3. Z 2 
The limits of the equation (extrapolation to zero angle/concentration) can be achieved 
using the method developed by Zimm (1948). Figure 2.3 shows an example of a Zimm 
plot where extrapolations to zero angle and zero concentration are plotted on the same 
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graph. The extrapolation to zero angle, a plot of KC/R0 vs kC (where k is an arbitrary 
scale factor), yields 1/M as the intercept and the second virial coefficient as the gradient. 
The extrapolation to zero concentration, a plot of KC/R0 vs sin2(0/2), yields a direct 
measure of the Ro (limiting slope/intercept = (16it2/3X2)<RG2>). 
Figure 2.3 A typical Zimm plot (taken from Kratochvil, 1987). 
sin2(A/2)+kc 
The particle scattering function can be derived for the three basic particle shapes, rod, 
sphere and random coil (see Kratochvil, 1987; Tanford, 1961) and are illustrated in 
Figure 2.4. It is recommended, however, to evaluate the particle size from the radius of 
gyration (Kratochvil, 1987). For the three basic shapes the following equations apply: 
i 
Rod (RG, 
= 12 
2.28 
Sphere (R2) 
= 
3a' 
5 
2.29 
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r2 
Random coil (R2 ýý 2.30 
where L is the length of a rod, a is the radius of a sphere and r2 is the mean square end-to- 
end distance of a random coil. 
Figure 2.4 Particle scattering functions, P(O) for the three basic particle shapes: (1) the 
linear random coil, (2) thin rods and (3) Spheres (x and x1/2 are products from 
dimensional and angular factors and differ depending upon particle shape) (taken from 
Kratochvil, 1987). 
Re 
0 Q5 
sin-(@/2) 
Information about particle size is a result of the angular dependence of the scattering 
intensity which is described by P(O). To show this graphically, plots of P"1(0) vs sin2(0/2) 
or a parameter proportional to sin2(0/2) (for example µ2<RGZ> = (16n2/%2)<R02>sin2(0/2) 
are constructed. Similarly, KC/R0 instead of P"1(0) can be plotted against sin2(0/2), 
allowing elucidation of the weight average molecular weight. However, if angular 
dependencies of samples of different molecular weight are to be compared, it is 
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preferable to use a plot of P-1(6) vs sin2(9/2). There are three typical shapes for P-1(0) 
shown in Figure 2.5. Line 1 corresponds to the angular dependence of small molecules 
where Re is independent of 0. For molecules with dimensions comparable to the 
wavelength of the incident light, line 2, the angular dependence may either be linear with 
a positive slope or moderately curved. Highly polydisperse solutions or those containing 
small amounts of large particles results in the strongly curved line 3. This can be 
explained by there being no angular dependence of Re for small particles. There is, 
however, high angular dependence for large particles where Re decreases with increasing 
angle of observation, resulting in a strong curvature at low angles which diminishes at 
higher angles. This is analogous to broad continuous distributions of molecular size and 
shape. For such systems it may be impossible to obtain any information from P"t(A) 
functions as the effect of polydispersity may outweigh the effect of particle shape. 
Figure 2.5 Angular dependence of the Rayleigh ratio, Re, for a two component (large and 
small particles) system. Line A represents the contribution from the small particles, line 
B represents the contribution from the large particles and Line C the total excess 
Rayleigh ratio (taken from Kratochvil, 1987). 
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Materials and Methods 
3.1 Materials 
3.1.1 Solvents 
For most of the work in this study an acetate buffer pH 4.5 was used (Dawson et 
al., 1986), although for sedimentation velocity analyses performed at 230 nm a 
phosphate buffer had to be used as acetate absorbs in this region (20 mM sodium 
dihydrogen phosphate and sodium chloride to an ionic strength of 0.1 M, adjusted 
to pH 4.5 using HCl). When necessary the ionic strength was adjusted using 
anhydrous sodium chloride. All buffers were prepared using deionised distilled 
water (dH2O) and chemicals were all of Fisher Analytical Reagent grade (Fisher 
Scientific UK). 
3.1.2 Samples 
3.1.2.1 Chitosans 
Sea Cure 210 + (`SC210 +'), a glutamate salt of chitosan was provided by Pronova 
Ltd. (Drammen, Norway). This is a preparation with a degree of acetylation of II 
% (i. e. of FA = 0.11) and which has previously been well characterized (Errington, 
1993). SC210 + chitosan solutions were prepared in acetate buffer to a 
concentration of 4 mg/ml; this was then left to dissolve overnight. 
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Chitosan A fractions 1-5 were a gift from Dr. G. Berth (Max Planck Institute, 
Teltow, F. R. G. ). Chitosan A has a degree of acetylation of 25 % (i. e. of FA = 0.25), 
determined by titration. Chitosan A has been characterised by Berth et al. (1998). 
3.1.2.2 Mu tins 
The PGM ('PGM-MD') was purified according to the modified procedure of 
Hutton et al. (1990). Fresh pig stomachs were obtained from a local abattoir. The 
stomachs were cut open on the lesser curvature and emptied out. They were then 
washed gently to remove any remaining matter and mucus gel was scraped from the 
surface, using a microscope slide, into a proteinase inhibitor buffer chilled to 0°C 
(Sodium phosphate 67mM, Iodoacetamide 1mM, a(6) Aminocaproic acid 100mM, 
Benzamidine HC1 5mM, EDTA 10 mM, N-ethyl maleimide 10mM, 
Phenylmethylsulphonyl fluoride (PMSF) 1mM, pH 6.5). This was then solubilized 
by mild homogenization for 1 minute in a Waring blender. Insoluble material and 
tissue debris were removed by centrifugation for 1 hour at 2.4 x 104 g at 4°C. The 
supernatant was filtered through glass wool to remove any lipid etc. Caesium 
chloride was then added to adjust the density of the solution to 1.42 g/ml. This 
solution was then loaded into ultracentrifuge tubes and spun at 40,000 rpm at 4°C 
for 11 hours. The supernatant was taken off into 9 equal fractions and the fractions 
from each centrifuge tube pooled. The density from each fraction was measured 
using a pipette and balance (see Table 3.1). The fractions were then dialysed 
overnight in dH2O to remove the caesium chloride. 
Mucin was assayed colorimetrically using the periodic acid/Schiffs method (Mantle 
and Allen, 1978). Protein was assayed using the BioRadTM protein assay and any 
nucleic acid contamination from the ratio of A260m and A28th, m measurements (see 
Table 3.1). The fractions that were chosen were 4-7, these were further purified by 
running down a Sepharose Cl-2B column. Mucins were collected as the total 
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excluded volume from the column, fractions were assayed using A280ß,. A typical 
elution profile is shown in Figure 3.1. 
Figure 3.1 Elution profile from 30 x 2.5 cm Sepharose C1-2B column, Vt was 
approximately 150 ml. Void volume was determined using Blue Dextran (Mw = 
2,000,000 Da, Sigma, Poole, Dorset), as 37ml. Fractions of lml were collected 
from 30m1 onward. The dialysed mucin solution was loaded onto the column in 5 
ml aliquots. A 0.1 M sodium acetate buffer, pH 4.5, was used as the elution buffer. 
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The fractions that were collected in this particular example were those from 9-12, 
which represent the absorbance of mucin at 280 nm. These fractions were pooled 
and then concentrated using an ultrafilter (Amicon Ultrafiltration cell Model 202). 
An absorbance peak was also observed in fractions 22-35, this peak was due to 
sample impurities. 
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Table 3.1 Density of pooled fractions from the density gradient ultracentrifugation. 
Fraction No. Density 
(mug) 
Glycoprotein 
content (mg/ml) 
Protein content 
(mg/ml) 
Nucleic acid 
content (mg/ml) 
1 1.395 0.938 3.60 0.560 
2 1.413 0.615 0.46 0.190 
3 1.422 0.988 0.42 0.160 
4 1.453 1.797 0.35 0.062 
5 1.453 1.985 0.33 0.058 
6 1.491 2.029 0.31 0.051 
7 1.518 2.143 0.27 0.062 
8 1.538 1.325 0.24 0.080 
9 1.550 0.768 0.19 0.190 
The cardiac, fundus and antrum mucins were a gift from Prof. I. Carlstedt (Institute 
for Medical Chemistry, Univ. Lund, Sweden). They were purified from different 
regions of the porcine stomach as described by Nordman et al. (1997). They have 
been characterised in terms of their polysaccharide composition using mass 
spectrometry, see Nordman et al. (1997); Karlsson et al. (1997). 
All mucins were slowly defrosted and dialysed into buffer overnight at 4°C before 
use and all mucins had their molecular integrity checked by SEC/MALLS. 
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3.2 Methods 
3.2.1 Light scattering 
3.2.1.1 SEC/MALLS 
The light scattering instrumentation that was used for molecular weight 
determination was the DAWN-F photometer (Wyatt Technology Ltd, Santa 
Barbara, USA). For a full description of the equipment see Wyatt, 1992,1993. A 
representation of the Size Exclusion Chromatography/Multi-Angle Laser Light 
Scattering (SEC/MALLS) equipment is shown in Figure 3.2. 
The light scattering cell and the geometry for a typical detector is shown in Figure 
3.3, the cell is made of glass chosen to have a higher refractive index than that of 
the eluting phase. The solution passes through a channel in the cell, typically 
1.25mm in diameter, in a direction parallel to the laser beam. The cell has 18 hybrid 
transimpedence type photodiodes which detect the scattered light. 
As can be seen from Figure 3.2, size exclusion columns precede the cell and 
separate samples by size before entry into the light scattering cell (Figure 3.3). The 
columns used were an Ultrahydrogel Guard column plus a TSK G 4,000 PW, a 
TSK G 5,000 PW and a TSK G 6,000 PW 30mm x 7.5mm (Anachem, Beds., UK). 
There is also a refractive index detector, Wyatt Optilab 903 interferometric 
refractive index detector to measure concentration via dn/dc (the specific refractive 
index increment). Other equipment includes a Waters 590 HPLC pump (Waters, 
Millipore, Watford, UK) a degasser (Degasys, DG-1200, uniflow, HPLC 
Technology, Macclesfield, UK), and a Rheodyne Model 7125 injection valve 
(Rheodyne, Inc., Cotati, CA, USA) fitted with a l00µ1 injection loop. Degassing is 
important to remove air bubbles from the eluent, which could affect the pump, 
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columns and the light scattering detector. Data is acquired via a dedicated PC and 
analysed using the ASTRATM software (Wyatt Technology, Santa Barbara, USA). 
Figure 3.2 Schematic representation of the SEC/MALLS apparatus (Taken from 
Harding and Jumel, 1998). 
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Figure 3.3 Geometry of a light scattering cell from the DAWN-F photometer. 
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Molecular characterization of PGM-MD, cardiac, antrum and fundus mucins was 
performed using SEC/MALLS. Loading concentrations were 0.2,0.98,1.54 and 
0.84 mg/ml for PGM-MD, cardiac, antrum and fundus mucins respectively. A flow 
rate of 0.8 ml/min was used for all SEC/MALLS measurements and all samples 
were filtered through a 0.45 pm filter before injection. Each injection was made 
through a 100 µl injection loop. An ionic strength of 0.1 M was present in all 
solutions, to prevent any charge effects. As SEC columns dilute the solute, the 
effect of non-ideality related to concentration can be assumed to be negligible. 
3.2.1.2 Flow Field Flow Fractionation/MALLS 
3.2.1.2.1 Mechanism of separation 
The process by which field flow fractionation (FFF) achieves separation combines 
elements of chromatography and field-driven techniques such as 
ultracentrifugation, electrophoresis, etc. FFF is an elution technique with 
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underlying roots in differential flow displacement; like field-driven techniques, FFF 
requires a field or gradient. The field in FFF is applied at right angles to the 
direction of flow and drives different species into different flow laminae in a thin 
channel (50-300 µm). According to the different rates of flow, the species then 
become separated as they pass down the channel (see Figure 3.4). In Figure 3.4 the 
component bands X and Y are separated by flow in a thin ribbon-like channel, this 
is the preferred channel geometry for FFF (Giddings et al., 1993). The channel is 
designed so that the flow profile is parabolic. The flow in the channel propels X 
and Y towards the outlet, however, the velocity at which X and Y travel in the 
channel depends upon the mean positions of the bands in the parabolic flow profile. 
The perpendicular field controls these positions and must be strong enough to drive 
the separate species into different regions of the parabolic flow profile. Generally 
the molecules are driven into equilibrium distributions close to one wall, termed the 
accumulation wall. The species that are forced closest to the accumulation wall (Y) 
will move the slowest due to the parabolic flow profile, and will become separated 
from those that are more highly elevated (X) and as such are moving faster. The 
accumulation wall consists of a membrane layered over a frit (see Figure 3.4 C), it 
is the pore size of the membrane that defines the lower size limit for separation. A 
spacer is used to form the channel. The spacer is placed between two large blocks 
and the channel is formed with the thickness of this spacer defining the channel 
height. 
It is the viscous force exerted on a particle by the cross-flow stream that gives rise 
to separation. Stokes law gives (Ratanathanawongs and Giddings, 1993): 
BFI = f1UI = 3nrl jUld = kT(Ul/D 3.1 
where the final term arises from the Stokes-Einstein relation, D= kT/f, d is the 
Stokes diameter of the particle, rt is the viscosity, f is the frictional coefficient, D is 
the diffusion coefficient and U is the cross-flow velocity. Separation in the flow 
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FFF channel is therefore based on size alone (Giddings et al., 1993), with retention 
time being approximately proportional to diameter. 
Channel design is flexible, asymmetrical channels have been used in flow FFF with 
some success (Wittgren and Wahlund, 1997a). An asymmetrical channel narrows at 
the far end and it is this narrowing that forces solvent molecules through the 
membrane and creates the cross-flow. These channels have advantages over 
symmetrical channels as they act to concentrate the sample into a smaller volume as 
it passes through the channel and they do not require a separate pump to control the 
cross-flow. 
3.2.1.2.2 Applications of Flow FFF 
Flow FFF has been used to characterise proteins, e. g. Stevenson and Preston (1996) 
used Flow FFF to separate wheat proteins and Wahlund et a!. (1996) used 
asymmetrical Flow FFF to separate high molecular weight glutenin proteins found 
in wheat flour. Wahlund et a!. (1996) managed to fractionate proteins with 
hydrodynamic radii from 5-45 nm. Polysaccharides have been examined by 
Wittgren et a!. (1998), who examined a nondegraded ic-carrageenan using 
asymmetrical Flow FFF/MALLS. Good separation was obtained and the effects of 
different buffers on the conformation was also investigated. Wittgren and Wahlund 
(1997b) used asymmetrical Flow FFF again to characterise a range of dextran and 
pullulan standards. Other macromolecules have also been characterised, see for 
example Jensen et a!. (1996); Wittgren et a!. (1996). 
The same general experimental setup is used as shown in Figure 3.2, with the 
column system being replaced by the flow FFF cell. To provide the cross flow for 
the cell a Pharmacia Biotech P500 pump was used. The channel is supplied by FF 
fractionation, Inc. as was the cellulose membrane. All other procedures e. g. data 
collection, etc, are the same as those outlined previously. 
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Figure 3.4 (A) The narrow channel is usually created by cutting the channel 
volume from a thin spacer and placing the spacer between two appropriate walls. 
The thickness of the channel varies but is typically between 75-260 µm. Channel 
breadth is a few centimeters and length is in tens of centimeters. The outflow is 
linked to one or more detectors, for example ultraviolet, refractive index, light 
scattering, etc. (B) The exploded view shows the different distributions of two 
arbitrary components X and Y across the parabolic flow profile and the unequal 
flow displacement velocities that result. For normal mode operation, the X and Y 
clouds are distributed exponentially above the accumulation wall with characteristic 
(mean) elevations l,, and ly. (C) Flow FFF, separation is driven by a "cross-flow" 
field (Taken from Giddings et al., 1993). 
A 
kftw 
X too dat, c t) 
r ý` 
iý 
vww 
6 
Pwabok nog. -. vº - 
Flow 
ty ex x 
I_ Y1 o00 0 
-1--W 
111 FM 1 
ý 
-i 
Mwmbnm. 
Y/". i" 
e'e+ ßmu im 0% 
51 
Chapter 3 Materials and Methods 
3.2.2 Analytical ultracentrifugation 
Four analytical ultracentrifuges have been used in this study: 
MSF Mk 11 
Beckman Model F 
Beckman XL-A 
Beckman XL-I 
(for Schlieren optics) 
(for Schlieren optics) 
(for Absorption optics) 
(for Absorption/Interference optics) 
A description of the methods of detection and data collection can be found in 
Harding et ca/. (1992a). Data is collected as a record of solute concentration in a cell 
as a function of radial position, r. For absorption and interference optics this is 
against a reference solution (buffer only) contained in the same cell, double sector 
cells. The Schlieren optical system does not need a reference solution and uses 
single sector cells (see Figure 3.5). 
Figure 3.5 Single and double sector analytical ultracentrifugation cells. 
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Solution 
The MSE Mk II and the Beckman Model E are equipped with the Schlieren optical 
system and a phase plate. Schlieren optics are refractometric, i. e. they measure the 
concentration gradient, dC/dr, as a function of radial distance, r. These optics utilise 
the difference in the refractive index of the pure solvent and the solute because the 
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solution usually has a higher refractive index than that of the pure solvent. Light 
passing through the centrifuge cell where there is a change of concentration (and 
therefore refractive index) will be deviated radially, whereas light passing through 
regions of pure solvent or areas of uniform concentration will not be deviated. The 
light source on the Beckman Model E consists of a mercury lamp with a green 
filter, the MSE Mk II used a 500W green laser. A phase plate consists of a step and 
a hairline on a glass plate, the size of the step is equal to half the wavelength of the 
incident light. The phase plate causes destructive interference which produces a 
dark line on the image corresponding to the ultracentrifuge cell. Single sector cells 
with a pathlength of 20mm for the MSE Mk II and 12mm for the Beckman Model 
E were used. The advantage of this optical system is that the macromolecule does 
not need to contain a chromophore, e. g. chitosan which does not absorb except in 
the far UV, which cannot in general be accurately monitored. The disadvantage of 
this method is that the concentration has to be >2 mg/ml in order to produce a 
reasonable peak. Data collection is achieved by means of an online charge coupled 
device (CCD) camera that captured images at timed intervals. 
The absorbance optical system of the Beckman XL-A and XL-I is illuminated by a 
high intensity xenon flash lamp that generates light at wavelengths between 190- 
800nm. The light passes through a monochromator that selects the required 
wavelength and collimates the light. An incident light detector in the 
monochromator measures light intensity before it passes through the cell and 
normalises the data for flash-to-flash variations in lamp intensity. As the rotor spins 
the light absorbance is measured for the reference and the solution sectors of the 
ultracentrifuge cell by a light detector. An absorbance value due to solute is then 
calculated on the basis of the difference between these two measurements. 
Absorbance optics are more sensitive than Schlieren optics and enable 
measurements to be made at much lower concentrations, providing that the 
macromolecule has a suitable chromophore. Data is collected, stored and processed 
on-line using a coupled PC and the Beckman data capture software (Giebeler, 
1992). 
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The Rayleigh interference optical system is also based on refractive index, although 
unlike Schlieren it records concentration (relative to the meniscus) vs r rather than 
the concentration gradient vs r. Monochromatic light from a 30 MW diode laser 
passes through two parallel slits in the bottom of the laser housing just above the 
rotor, so that two parallel beams exit the laser housing. The system is aligned such 
that one beam passes through the reference sector and the other beam passes 
through the sample sector of the cell in the spinning rotor. The refractive index of 
the sample should be higher than that of the solution so the sample wave should be 
retarded relative to the reference wave. The light then passes through a series of 
lenses that overlap the two sector images at the CCD sensor, registering the 
interference pattern. A dedicated PC then acquires the image at specific time 
intervals and the data is analysed using the Beckman data capture software. The 
interference optics have the advantage of being able to provide better accuracy at 
high concentration, higher radial resolution, a greater concentration range and the 
ability to scan very steep gradients (see XL-I instruction manual, 1996). The 
disadvantage of this system is that it has an upper concentration limit of 
-2 mg/ml. 
Sedimentation velocity (on SC210 + chitosan, Chitosan A fractions 1-5, PGM-MD, 
cardiac, antrum and fundus mucins) was performed on the MSE (Crawley, U. K. ) 
Mk II, Beckman (Palo Alto, U. S. A. ) Model E, Optima XL-A and Optima XL-I at a 
temperature of 20°C and at various rotor speeds from 2,000-40,000 rpm.. 
Sedimentation equilibrium (on Mefp-1) was performed on the Optima XL-A 
analytical ultracentrifuge (Beckman Instruments, Palo Alto, CA) at a temperature 
of 20°C and at a rotor speed of 14,000 rpm. 
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Conformation of structural integrity of mucins by 
SEC/MALLS 
4.1 Introduction 
As previously described in Chapter 2, light scattering is an absolute method for the 
determination of molecular weight, however, until molecules could be separated these 
measurements only produced averages over the whole distribution. The use of on-line 
light scattering detectors coupled to separation techniques, such as SEC and Flow FFF, 
enables the analysis of almost any sample no matter how polydisperse (Wyatt, 1993). 
A Multi-Angle Laser Light Scattering (MALLS) photometer with simultaneous 
measurement across the angular intensity envelope was first developed by Wyatt (Wyatt 
et al., 1988). A full description of this instrument has been given in Chapter 3. When it is 
coupled to a separation method it enables on-line characterisation of macromolecules 
giving separation and absolute measurement of molecular weight and radius of gyration. 
4.2 Size Exclusion Chromatography (SEC) 
Biological macromolecules rarely contain completely monodisperse solutions. Size 
exclusion chromatography is one of the most popular techniques for investigating whole 
molecular weight distributions. It separates molecules according to their size in solution 
and their molecular weight is then calculated using a set of standards. 
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The column matrix consists of a network of porous polymer beads. Large molecules 
cannot penetrate the pores in the gel matrix and are eluted in the void volume of the 
column (void volume is the volume between the packing particles). Smaller molecules 
can diffuse into the pores and are therefore retained on the column and elute after the 
void volume. 
One of the problems with SEC is that the separation is based on the size of the molecule 
and not on its molecular weight. Molecular weight calculation relies on the use of 
calibration with standards. So, the molecular weight calculated is based on the 
assumption that the standards behave in the same way as the sample being investigated. 
A drawback of light scattering is that it calculates molecular weight on the basis of an 
average over a whole molecular weight distribution. Coupling the separation power of 
size exclusion chromatography to the ability of MALLS to calculate an absolute 
molecular weight is an ideal solution to these problems. 
There are many extensive reviews on the uses and applications of SEC/MALLS 
especially in the field of biopolymers, see for example Jumel et al. (1992); Wyatt (1993), 
Williams et al. (1992). 
4.3 Materials and Methods 
4.3.1 Preparation of samples 
Mucin, chitosan and mucin/chitosan mixture solutions were prepared as described in 
Chapter 3 in an acetate buffer pH 4.5, at concentrations of 0.2,2 and 0.1/0.2 mg/ml 
respectively. Ionic strength was adjusted using NaCl. The dn/dc values used for the 
calculation of concentration from the refractive index detector were 0.160 ml/g for 
mucin, 0.150 mug for chitosan and 0.155ml/g for the complex (Huglin, 1972). 
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4.4 Results and Discussion 
4.4.1 SEGMALLS 
4.4.1.1 PGM-MD at 0.1 M ionic strength 
The chromatogram shows two traces, the trace from the MALLS experiment is taken 
from the 90° detector and also from the refractive index (RI) detector. The chromatogram 
produced by the 90° detector shows a narrow peak indicating that the sample is relatively 
monodisperse. The single peak in the refractive index chromatogram also confirms that 
no impurities are present in the sample, also that there are no high molecular weight 
aggregates or low molecular weight breakdown products. 
4.4.1.2 Cardiac, Antrum and Fundus mucins at 0.1 M ionic strength 
It was expected that all three traces would be similar as the mucin populations, isolated 
from the porcine stomach, were all purified using the same technique. The weight 
average molecular weights were slightly different (see Table 4.1), the antrum species 
having the lowest and fundus having the highest. It is interesting to note the difference in 
the signal trace between cardiac and the other two. Cardiac has the lowest light scattering 
signal of the three yet all three have similar concentrations (0.98,1.54 and 0.84 mg/ml for 
cardiac, antrum and fundus respectively). However, cardiac is the most charged of the 
three so this could lead to some absorption onto the SEC columns thus reducing the light 
scattering signal. 
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Figure 4.1 PGM-MD in acetate buffer pH 4.5 at 0.1 M ionic strength. The y-axis on the 
left shows the scale of normalised voltage for the 90° detector and on the right the scale 
for the voltage of the RI detector. 
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Figure 4.2 Cardiac mucin in acetate buffer pH 4.5 at 0.1 M ionic strength. 
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Figure 4.3 Antrum mucin in acetate buffer pH 4.5 at 0.1 M ionic strength. 
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Figure 4.4 Fundus mucin in acetate buffer pH 4.5 at 0.1 M ionic strength. 
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The Mark-Houwink-Kuhn-Sakarada coefficient c (MHKS c) is calculated by plotting the 
log of the molecular weight against the log of the root mean square (RMS) radius 
(Harding, 1995). 
Rg 
= 
K'"M 4.1 
For a compact sphere it has a value of 0.333, for a rigid coil 1.0 and for a random coil 
0.5-0.6. By consulting Table 4.1 it can be seen that the value for all mucins measured 
indicates that they are all in a random coil conformation. Molecular weights are also 
consistent, with PGM-MD having a molecular weight of 10 x 106 g/mol and the others 
being around 6x 106 g/mol, which are typical values for mucin glycoproteins (Jumel et 
al., 1996). 
Table 4.1 Characterisation of mucins by SEC/MALLS, weight average molecular weight 
calculated by SEC/MALLS and MHKS c coefficient from the gradient of the double log 
plot of weight average molecular weight and RMS radius. 
Sample Molecular weight (g/mol) MHKS c coefficient 
PGM-MD 9.6 (± 0.5) x 106 0.56 
Cardiac 6.1 (t 1.0) x 106 0.52 
Antrum 5.6 (t 0.2) x 106 0.52 
Fundus 6.6 (± 0.2) x 106 0.57 
4.5 Conclusions 
PGM-MD are highly purified mucins with a molecular weight of 10 x 106 g/mol. There is 
no evidence of any of the smaller breakdown products (500,000 g/mol); there is only one 
species present. The MHKS c coefficient indicates that the PGM-MD sample is in a 
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random coil conformation. These results are in good agreement with those obtained by 
Jumel et al. (1996) 
Cardiac, antrum and fundus mucins from the samples investigated have a relatively high 
molecular weight of approximately 6x 106 g/mol, although this is not as high as that of 
PGM-MD. They also have a MHKS c coefficient that indicates a random coil 
conformation. The chromatograms from the light scattering show that there is a single 
species present and it is relatively monodisperse. In conclusion the mucins are all of good 
quality and suitable for interaction studies 
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Analytical Ultracentrifugation characterisation of 
chitosan-mucin systems 
5.1 Introduction 
Previous work in this laboratory (see Fiebrig, 1995) has shown a strong interaction 
between Pig Gastric Mucin and SC210 + chitosan FA = 0.11 (Errington et al., 
1993). Recently, mucins purified from different areas of the porcine stomach have 
been shown to differ in terms of their composition and net charge (Nordman et al., 
1997). How this affects the properties of these mucins is of great interest in terms 
of the specificity of mucoadhesion with chitosan. 
Work has also been done on the interaction of a different chitosan with a different 
degree of acetylation (FA = 0.25) which has previously been characterised by Berth 
et al. (1998). This chitosan has been separated into 5 fractions that differ in terms of 
molecular weight and the effect of molecular weight of this chitosan on the 
interaction with PGM-MD has been investigated. 
5.2 Materials and Methods 
The mixture solution was prepared by adding equal volumes of the chitosan and 
mucin solutions, which was then left for 30 minutes at room temperature. A control 
solution was prepared by adding equal volumes of chitosan solution and dH2O. 
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For sedimentation velocity analyses on the XL-A a phosphate buffer pH 4.5 was 
used, all other experiments used an acetate buffer pH 4.5 (as described in Chapter 
3) the ionic strength was adjusted using NaCl. Sedimentation velocity experiments 
were performed on the MSE Mk II, Beckman Model E and Beckman Optima XL- 
A/XL-I analytical ultracentrifuges equipped with a Schlieren optical system (Mk II 
and Model E) coupled on-line to a CCD camera or an absorbance optical system 
(XL-A/XL-I). For the experiments on the MSE Mk 11,700 gI of each solution was 
injected into 20 mm pathlength ultracentrifuge cells prior to being loaded into a 
four piece aluminium rotor. Experiments on the Beckman Model E used 300 gI 
injected into 12 mm. pathlength ultracentriffige cells which were then loaded into a 
four piece rotor. By calculating the area under the schlieren peak for each 
sedimenting species the solute concentration may be determined. Comparison of 
the Schlieren areas of the unbound chitosan in the mixture with the native chitosan 
control reveals quantitative information regarding the degree of interaction. The 
experiments on the Beckman Optima XL-YXL-A used 320 ýd of buffer and 280 gI 
of sample, injected into 12 mm double sector cells which were then loaded into a 
four piece rotor. Absorption optics were used to follow the sedimenting boundary, 
scans were then captured and analysed on-line using Beckman data capture and 
analysis software (XL-A instruction manual, 1991). 
All sedimentation velocity measurements were made at 20°C and at rotor speeds of 
2,000,10,000 and 35-40,000 rpm, to trace the movement of the sedimenting 
complex, mucin and chitosan respectively. 
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5.3 Results and Discussion 
5.3.1 Characterisation of PGM-MD mucin and SC210 + chitosan 
PGM-MD was run in the Beclanan XL-A ultracentrifuge to establish the 
sedimentation coefficient of the sample (Figure 5.1). Sedimentation was achieved 
at a rotor speed of 10,000 rpm, radial scans were captured at 10 minute intervals 
and analysed using the Beckman TRANSPORT software (XL-A instruction 
manual). A sedimentation coefficient of 22 (± 2) Svedbergs was calculated for the 
PGM-MD sample. This is typical for mucin glycoproteins which have 
sedimentation coefficients quoted in the region of 20 to 60 Svedbergs (Harding et 
aL, 1999). Due to the low concentration PGM-MD used (approximately 0.2 mg/ml) 
and considering that only 20 % of the molecular weight of mucins are accounted 
for by protein, there was significant noise in the profile. As a result no absorbance 
could be detected at 280 rim, so instead the peak at 230 rim is used. However, 
acetate buffers absorb in this region so a phosphate buffer had to be used. PGM- 
MD cannot be detected in the mixture due to the 50 % dilution, the signal is lost in 
noise. 
The SC210 + chitosan sample was also analysed using sedimentation velocity on 
the Beclanan XL-A (Figure 5.2). A value of 0.90 (± 0.03) Svedbergs was obtained 
for the sedimentation coefficient, calculated using the same method as above, 
which is in good agreement with Errington et aL (1993) who obtained an S020, w 
with a value of 1.41 (± 0.05) Svedbergs for SC210 + chitosan. The boundaries seen 
in Figure 5.2 are quite broad giving an indication that the sample is very 
polydisperse. This is confirmed by the Flow FFF/MALLS experiments. The 
concentration of SC210 + in Figure 5.2 is 4.0 mg/ml. The concentration that is 
present in the mixture solution of SC210 + and PGM is 2.0 mg/ml, at this 
concentration it is not possible to distinguish the chitosan boundary from noise. It is 
not possible to follow the sedimenting boundaries of the complex, PGM-MD and 
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Figure 5.1 Sedimentation profile of PGM-MD. Experimental conditions were 
10,000 rpm, 20°C and scans were taken at 10 minute intervals. Absorbance was 
measured at 232 nm. 
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Figure 5.2 Sedimentation profile of SC210 + chitosan. Experimental conditions 
were 40,000 rpm, 20°C, scans were taken at 20 minute intervals. Absorbance was 
measured at 232 nm. 
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SC210 + using absorbance optics. Thus, a different optical system had to be used to 
characterise the complex. 
5.3.2 PGM-MD and SC210 + complex 
Schlieren optics do not need a chromophore but require a relatively high 
concentration (>1 mg/ml), in comparison to absorbance optics. This was not a 
problem for chitosan but mucins could not be observed. This was, however, the 
only possible alternative to the absorbance optical system. An example of a typical 
sedimentation profile is shown in Figure 5.3. 
The differences in the areas under the Schlieren peaks for the control (left) and the 
mixture (right) are evident from Figure 5.3. The area under the peak is calculated, 
in terms of numbers of pixels, by following the Schlieren boundary and integrating 
under the curve, the NIH Image software, Version 1.55 (National Institutes of 
Health, USA) was used for all analyses. All scans were taken at 35,000 rpm to 
follow the movement of SC210 + chitosan in the ultracentrifuge. This is because 
the complex between SC210 + chitosan and mucin could not be detected due to its 
relatively low concentration (<1.0 mg/ml). The only method that could be used to 
quantify the complex was to calculate the percentage of chitosan that had interacted 
with mucin. The quantitative measurement of the amount of chitosan bound is 
determined by integrating the area under the Schlieren peak for the control and 
mixture samples and is an average of five measurements. The percentage of 
chitosan bound was calculated using equation 5.1. 
% bound 
=100- 
area of mixture 
x 100 5.1 
area of control 
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Figure 5.3 Typical images captured by the on-line CCD camera coupled to the 
%ISE Mk 11 analytical ultracentriffige equipped with a schlieren optical system. 
SC210 f control is the left image it is at a concentration of 2.0 mg/ml, SC210 
- 
PG. \I-. %ID mixture is the right image, concentration of 2.0/0.1 mg/ml. A 
temperature of 20'C and a rotor speed of 3 5,000 rpni. 
The effect of ionic strength on the Interaction of PGM-MD and SC210 + was 
investigated and the results are shown in Figure 5.4. The interaction is almost 
completely inhibited above 0.3 M ionic strength. This can be explained by an Ionic 
interaction between the positively charged amine groups present on SC210 
chitosan and the negatively charged sulphate groups present on PG%, 4-MD inucin. 
As tile ionic strength is increased the sodium/chloride ions forni a shell around the 
charged group and effectively screen it from any other potential lon. As a result of 
this the chitosan and mLICm molecules no longer Interact to form the large complex 
seen at lower ionic strengths (<0.3 M). The interaction shows quite a steep 
dependence on ionic strength with a strong interaction at 0.2 M with 70 % of 
available SC210 + bound and at 0.3 M there is less than 20 % of the available 
SC21 0 
-t bound to the mucin. These results are important in the context of the ionic 
strength of the small intestine (0.1-0.2 M (Guyton, 1991)), which is the most 
probable site of action for a mucoadhesive drug delivery system. In the range of 
0.1-0.2 M ionic strength SC210 + chitosan will interact with and bind readily to 
Illucin to for-In the complex. 
67 
,. a 
Chapter 5 Analytical ultracentrifugation of chitosan mucin systems 
Figure 5.4 The effect of changes in ionic strength on the interaction of PGM-MD 
mucin with SC210 + chitosan. All experiments performed on the MSE Mk II 
analytical ultracentrifuge at 20°C scans were taken at 35,000 rpm. 
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5.3.3 Cardiac, antrum, fundus mucins and SC210 + chitosan mixtures 
The effect of mucins purified from different regions of the porcine stomach was 
also investigated. These mucins have been well characterised in terms of their 
oligosaccharide composition by matrix-assisted laser-desorption ionisation mass 
spectrometry (MALDI-MS) (Karlsson et aL, 1997; Nordman el aL, 1997). At 0.1 M 
ionic strength there is a strong interaction between SC210 + chitosan and the mucin 
population purified from the cardiac region of the porcine stomach (Figure 5.5). 
A third of the SC210 + chitosan present in the solution had interacted to form the 
complex with the mucin population purified from the cardiac region of the porcine 
stomach. This mucin population has been shown by Karlsson et al. (1997) to 
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contain large amounts of sulphated oligosaccharides, which are thought to be 
responsible for the ionic interaction between mucins and chitosan. This seems to be 
confirmed by a much reduced interaction of the ftindus mucin population (6 %) and 
no detectable interaction by the antrurn mucin population, both of which have few 
sulphated oligosaccharides in comparison. 
Figure 5.5 Effect of mucins purified from different regions of the porcine stomach 
on the binding of SC210 + chitosan in acetate buffer pH 4.5 at 0.1 M ionic strength. 
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The interaction as the ionic strength increases is harder to account for. The cardiac 
mucin population shows no detectable interaction at 0.2 M ionic strength and a 
small interaction (9 %) at 0.3 M (Figure 5.6). This can be explained in terms of a 
$charge screening effect' at 0.2 M ionic strength preventing the electrostatic 
interaction between side chains. At 0.3 M ionic strength it is possible that charges 
arc screened to such an extent that hydrophobic interactions can now occur and 
cause some complexation. 
The data for the antrum and fundus mucin populations is harder to rationalise, there 
is an increase in the interaction for both mucin species from 0.1 to 0.2 M ionic 
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strength, but then a decrease in the interaction at 0.3 M. It is possible that, as 
cardiac 111LICIn has a much higher level of sulphation compared to antrum and 
fundus, it requires a higher ionic strength to shield charges sufficiently for there to 
be a hydrophobic interaction. Antrum and fundus mucin species, being less 
charged, require less charge screening, i. e. a lower ionic strength, for the 
hydrophobic interactions to occur. 
The suppression of an electrostatic interaction by charge screening and an increase 
in hydrophobic interactions explains the increase in the percentage of SC210 + 
binding from 0.1 to 0.2 M ionic strength, but not the decrease from 0.2 to 0.3 M 
ionic strength. It is possible that at this higher ionic strength the structures of the 
molecules become more compact, due to charge screening effects, and thus 
interactions between SC210 + and PGM-MD are prevented. 
Figure 5.6 The interaction of cardiac, antrum and fundus mucin species with 
SC21() ý- chitosan at three separate ionic strengths. All data collected on the 
Beckman Model E ultracentrifuge using the schlieren optical system. Images 
captured on-line using the CCD camera and analysed using NIH image (5.11). 
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5.3.4 PGM-MD and Potsdam chitosans 
The chitosan A fractions all have a degree of acetylation FA = 0.25 (25 %) (Berth et 
al., 1998) which means that they are less positively charged than the SC210 + 
chitosan. The effect of this difference in degree of acetylation on the complexation 
with PGM-MD is interesting to investigate. The effect of the different molecular 
weights of the fractions and how this affects the size of the complex was also 
investigated. Some hydrodynamic data for the fractions is displayed in Table 5.1. 
Table 5.1 Hydrodynamic data for the chitosan A fractions, concentrations 
determined using dn/dc, molecular weights from light scattering (data from G. 
Berth personal communication). 
Fraction No. Concentration 
(mg/ml) 
['l] 
(ml/g) 
Molecular weight 
(g/mol) 
1 0.12 120 N. D. 
2 0.26 365 84,200 
3 0.396 N. D. 58,000 
4 0.714 223 35,300 
5 1.143 212 36,000 
The sedimentation profiles of the complexes are all very broad as would be 
expected from the interaction of two species that are initially highly polydisperse. 
All scans are taken at 2,000 rpm giving an indication as to the size of the complex. 
Fraction 1 has a very noisy profile with respect to the other fractions (Figure 5.7) 
which is due to the low concentration of this sample. It was not possible to analyse 
these samples using the Schlieren optical system because of the low concentration 
of all of the fractions. 
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All samples were run on the Beckman Optima XL-I. The chitosan A fractions had 
an absorbance maxima at 280 nm which was used to follow the interaction. Scans 
were taken using both the absorbance and interference optical systems. The 
sedimentation coefficient was calculated using the Beckman TRANSPORT 
software from an average of 5 measurements. 
Figure 5.11 shows an interference profile for a chitosan control (Fraction 5) sample, 
this is a typical profile for all of the fractions. Due to the smaller size of fraction 
five, a rotor speed of 55,000 rpm was used to obtain sedimentation. A 
sedimentation coefficient for this fraction was calculated as 1.04 (± 0.05) 
Svedbergs. 
Figure 5.7 Sedimentation velocity of the Chitosan Fraction I/PGM-MD complex, a 
rotor speed of 2,000 rpm was utilised, the temperature was 20T and radial scans 
were taken at 5 minute intervals. Absorbance was measured at 280 nm. 
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Figure 5.8 Sedimentation velocity of the Chitosan Fraction 2/PGM-MD complex, a 
rotor speed of 2,000 rpm was utilised, the temperature was 20°C and radial scans 
were taken at 5 minute intervals. Absorbance was measured at 280 nm. 
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Figure 5.9 Sedimentation velocity of the Chitosan Fraction 3/PGM-MD complex, a 
rotor speed of 2,000 rpm was utilised, the temperature was 20°C and radial scans 
were taken at 5 minute intervals. Absorbance was measured at 280 nm. 
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Figure 5.10 Sedimentation velocity of the Chitosan Fraction 4/PGM-MD complex, 
a rotor speed of 2,000 rpm was utilised, the temperature was 20'C and radial scans 
were taken at 5 minute intervals. Absorbance was measured at 280 nm. 
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Figure 5.11 Sedimentation velocity of Chitosan Fraction 5, a rotor speed of 55,000 
rpm was utilised, the temperature was 20'C and radial scans were taken at 20 
minute intervals using interference optics. 
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this size steric hindrance prevents the two molecules being able to come close 
enough for ionic interactions, therefore, no complex is formed between the two 
molecules. 
Table 5.2 Sedimentation coefficients for the mucin complexes with various 
fractions of Chitosan A (degree of acetylation = 25 %). 
Chitosan fraction Sedimentation coefficient X 1013 (secs) 
I (M 
- 
150,000) 3,572 200 
2 (M = 84,200) 16,659 600 
3 (M = 58,000) 16,033 600 
4 (M = 35,300) 12,342 500 
5 (M = 36,000) 12,705 500 
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Figure 5.13 Molecular weight of chitosan fractions plotted against sedimentation 
coefficient of the complex illustrating the effect of chitosan molecular weight on 
the size of the complex (A molecular weight of 150,000 g/mol was used for fraction 
5, which is an estimate of the molecular weight of this fraction, had not been 
determined by G. Berth). 
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The results presented in this study are consistent with previous work performed in 
this laboratory. In the case of the interaction between chitosan and mucin, the size 
of the complex is so large that a sedimentation coefficient cannot be measured even 
at rotor speeds of less than 1,500 rpm. However, by comparing the peak areas of 
the free unbound chitosan with that of the control chitosan, a quantitative estimate 
of the degree of interaction can be made. The effect of ionic strength upon the 
interaction was also studied. It was found that at ionic strengths in excess of 0.25 
M, no interaction was observed. These results can only be interpreted in terms of an 
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electrostatic interaction between chitosan and mucin. Above the critical ionic 
strength the charges on the polymers are effectively screened and thus limit 
association. 
At 0.1 M ionic strength cardiac mucin binds more chitosan than fundus and antrum, 
(see Figure 5.6. ), which was expected because cardiac mucin is more negatively 
charged at pH 4.5 than fundus and antrum mucins and so should bind a larger 
amount of SC210 + chitosan which is positively charged at this pH. Also apparent 
from Figure 5.6. is that the amount of chitosan bound to mucin increases for fundus 
and antrum mucins at 0.2 M ionic strength. This can be explained in terms of 
charge screening of ionic groups and possible weak hydrophobic interactions. 
Molecular weight was shown to have an effect on the interaction, using fractions of 
chitosan A (Berth et A, 1998). There is evidently a sharp decrease in the size of the 
complex, measured by the sedimentation coefficient, when the molecular weight of 
chitosan A is above -100,000 g/mol, indicating that steric effects may oppose the 
strong tendency for interactions through the electrostatic and/or hydrophobic 
groups. 
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6.1 Introduction 
Flow Field-Flow Fractionation (Flow FFF) is a relatively new technique designed 
to separate and probe the physical structure of complex macromolecular, colloidal, 
and particulate materials (Giddings et aL, 1993). Species can be separated in the 
of z -3 to 102 range '10 gm, a much larger range than is currently available with any 
other technique. It is one of a family of methods for separating macromolecules 
others include thermal FFF, sedimentation FFF, electrical FFF and steric FFF. Due 
to the wide range of species that can be separated, flow FFF was used in 
conjunction with MALLS and a refractive index detector to characterise the 
complex formed between mucin and chitosan. This was impossible to do on the 
SEC/MALLS as chitosan adheres to the columns and is not eluted. 
6.2 Materials and Methods 
Chitosan SC210 + and PGMMD were used in the Flow-FFF studies at final 
concentrations of approximately 2.0 and 0.1 mg/ml respectively. All injections 
were made through a 20 ýtl injection loop. After trial runs a channel flow of 0.5 
ml/min was chosen with a cross-flow decaying from I ml/min to 0.01 ml/min over 
10 minutes (see Figure 6.1). A typical run lasted for 20 minutes by which time the 
entire sample had eluted through the channel. 
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Figure 6.1 Cross-flow rate during Flow FFF experiments, a decaying cross flow 
rate was found to give the best separation. 
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6.3 Results and Discussion 
6.3.1 Control solution 
It can be observed from Figure 6.2 that there is a drift in the baseline of the 
refractive index detector, it is likely that this is due to the decaying cross-flow that 
was used in the separation, it can also be noted that there is a similar slope in the 
light scattering trace. 
Unfortunately due to the problem with the drifting baseline on the RI detector for 
the Flow FFF results it is impossible to obtain accurate representative molecular 
weights. However it is interesting to observe the results as an indication of the 
solution state of the sample. 
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Figure 6.2 Blank injection acetate buffer pH 4.5 at 0.1 M ionic strength. 
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6.3.2 Chitosan solutions at 0.1-0.3 M ionic strength 
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From Figure 6.3 it can be seen that chitosan in an acetate buffer at 0.1 M ionic 
strength is very polydisperse it has a very broad chromatogram with a long tail 
indicating the presence of high molecular weight material. Polysaccharides are 
noted for their polydispersity due to the enzymatic nature of their formation and 
susceptibility to enzymatic breakdown. It is also significant to notice that there is 
no change in the shape of the chromatograms as the ionic strength is increased from 
0.1-0.3 M (Figures 6.3-6.5). This confirms previous work by Errington (1993) who 
demonstrated, with viscosity measurements, that the chitosan chain is quite stiff and 
is not affected (by charge screening effects, for example) as ionic strength is 
increased. 
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Figure 6.3 SC210 + chitosan in acetate buffer pH 4.5 at 0.1 M ionic strength. 
Non-nalised voltage on the left axis for the light scattering signal, voltage on the 
right axis for the refractive index detector. 
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Figure 6.4 SC210 + chitosan in acetate buffer at 0.2 M ionic strength. 
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Figure 6.5 SC2 10 + chitosan in acetate buffer at 0.3 M ionic strength. 
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6.3.3 PGM-MD at 0.1 M ionic strength 
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The PGM-MD preparation gave a very low signal when injected into the Flow FFF 
channel in comparison to SC210 +, as shown in Figure 6.6 and Figure 4.1 
respectively. It is apparent that there is a large difference in the size of the peaks 
observed, even when the smaller injection volume is taken into account (20 pl for 
Flow FFF to 100 pl for SEC) the peak height for SEC is 0.2 and for Flow FFF it is 
0.008. This could be caused by dilution of the molecules as they pass down the 
Flow FFF channel. 
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Figure 6.6 PGM-MD in acetate buffer pH 4.5 at 0.1 M ionic strength. 
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Figure 6.7 Mucin/Chitosan mixture in acetate buffer pH 4.5 at 0.1 M ionic 
strength. 
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6.3.4 PGM-MD/SC210 + mixture solution at 0.1 M ionic strength 
The peak in the chromatogram. of the mucin/chitosan mixture is at a much higher 
voltage than all others indicating that higher molecular weight material is present. 
However, this cannot be confirmed due to the problem of the drifting baseline. The 
delay in the elution of the peak is not as large as expected considering the large size 
of the complex. This could be due to another effect that is seen with Flow FFF. 
Very large molecules/complexes display a "tumble weed" effect whereby they elute 
first. This is because they are so large that they cross several flow laminae in the 
channel, which gives rise to a reverse elution order. 
6.4 Conclusions 
Chitosans, as expected, are highly polydisperse (Figure 6.3-6.5) which is also 
confirmed by the broad boundaries seen with sedimentation velocity (Chapter 5). It 
is also apparent that there are no visible changes in the shape of elution profiles 
from 0.1-0.3 M ionic strength, thus confirming previous work by Errington (1993). 
The results for the complex are inconclusive, there is an increase in the light 
scattering signal when compared to mucin alone. This indicates an increase in the 
molecular weight of the sample. However it is impossible to calculate a molecular 
weight because of the problem with the baseline. Further work with this method to 
solve the problem of the floating baseline would enable calculation of the 
molecular weight of the complex and enable Flow-FFF to become a useful tool in 
the characterisation of this interaction. 
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Atomic Force Microscopy of chitosan-mucin systems 
7.1 Introduction 
Thus far the study of the interaction of chitosan and mucin using sedimentation and light 
scattering techniques has been described. However, it is useful to characterise these types 
of interactions using a range of techniques, preferably independent of each other. Atomic 
force microscopy (AFM) was used as an additional method for visualising the complex 
and to investigate the effect that changes in ionic strength have on the complex. 
Specifically, it was used to characterise the interactions between three mucin populations 
purified from the cardiac, antrum. and fundus regions of the porcine stomach with 
chitosan at three different ionic strengths. 
7.2 Atomic Force Microscopy 
The atomic force microscope was developed by Binnig, Quate and Gerber in 1986 
(Binnig et aL, 1986). It was advanced from Scanning Tunneling Microscopy (STM) in 
response to the needs for a dynamic imaging technique which did not require a 
conductive sample substrate. The advantages of AFM over many other microscopy 
techniques are derived from its ability to provide high resolution three-dimensional 
images in a multitude of environments. It does not require invasive and destructive 
sample preparation before analysis unlike most electron microscopic procedures (Kirby et 
aL, 1995) and generally achieves better resolution. Since AFM was invented, it has 
become one of the fastest growing and most versatile imaging techniques of this decade 
(Cohen, 1994). 
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Figure 7.1 illustrates a schematic of the main components and the general principle of the 
AFM. Iii essence, an AFM monitors the forces of interaction between the imaging probe 
and the sample surf-ace, A laser bearn is directed on the reverse side of a cantilever onto 
which an atomically sharp tip, normally constructed from silicon / silicon nitride, is 
formed. The tip is then brought into contact with, or within close proximity of, the sample 
surface and raster scanned over the surface. Most AFM instruments adopt the 
instrumental design outlined in Figure 7.1 where the sample sits on the scanning element, 
a piezoelectric tube. However, some instruments, termed "stand alone" AFMs, position 
the piezoelectric device above the tip. In this case, the tip is scanned over the surface 
rather than the sample rastering underneath a static tip. 
Figure 7.1 Diagram illustrating the main components and the general principles of the 
AFM (Taken from McGurk, 1998). 
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7.2.1 Imaging with AFM 
The first and still most commonly used imaging technique with AFM is contact mode 
imaging (Figure 7.2 (a)). Contact mode monitors the repulsion forces between tip and 
surface as the probe raster scans over the surface. In this mode the probe is continuously 
in contact with the surface and maintains a constant force between probe and sample. 
This mode is extremely good for rigid samples and has traditionally offered the highest 
resolution. Lindsay (1993) reported that the interactional force between tip and sample to 
be in the order of nanoNewtons. This force is sufficient to disrupt and damage soft 
biological samples during imaging. Other AFM imaging modes have been developed 
which are less invasive, in order to overcome this limitation, such as non-contact and 
tapping modes. 
In non-contact mode (Figure 7.2 (b) (Lathi et aL, 1994)) the tip does not come into 
contact with the surface. The cantilever is oscillated in an attractive force regime where 
the long-range forces, mainly of van der Waals nature, distort the oscillatory motion of 
the cantilever. This mode of non-contact imaging overcomes some of the sample damage 
problems associated with contact imaging. However, this approach is much less sensitive 
to small topographical changes. Therefore, higher resolution is sacrificed in order to 
obtain images of soft samples (Hansma et aL, 1988). 
Tapping mode (Zhong et al., 1993) is a hybrid of both contact and non-contact modes of 
imaging (Figure 7.2 (c)). The cantilever is oscillated above the sample surface as in non- 
contact mode, but with a much greater amplitude (> 20 nm) so that the tip just strikes the 
sample surface. As the tip is in intermittent contact with the surface, the lateral forces 
associated with contact mode imaging are reduced, yet it retains the high resolution 
associated with contact mode (Magonov et aL, 1996). This tapping causes a decrease in 
the amplitude of vibration of the cantilever, with the magnitude of this reduction being 
dependent on the height of the surface features being probed. The feedback loop, shown 
in Figure 7.1, controls the position of the sample in the z direction in order to compensate 
for changes in vibrational amplitude. Therefore, the 3-dimensional images are recorded 
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by plotting tile samples x, y and z dimensions. This type of imaging is termed amplitude- 
detection imaging (Chen et al, 1998). However, in addition to changes in the amplitude 
there are also changes in the phase of vibration. These changes have been utilized ill a 
new form of tapping mode imaging called phase detection (Akari et al, 1996). The 
images produced in this imaging mode are created by plotting the phase lag of the 
cantilever vibration, relative to the z-piezo dnve amplitude produced by the interaction 
with the surface and the x and y position. A study by Tamayo and Garcia (1996) showed 
that the dominant cause in the shifts of the phase of vibration were caused by probe- 
sample adhesion. Hence, this imaging mode offers great advantages in the analysis of 
polymeric materials as the tip-sample adhesion may be determined by many chemical and 
morphological polymeric factors. 
Figure 7.2 A schematic summary of the dIfferent types of imaging modes with AFM; (a) 
contact mode, (b) non-contact mode and (c) tapping mode (Taken from McGurk (1998)). 
(a) Contact mode 
Sample surface 
(b) Non-Contact mode 
Path of tip not 
touching the surface 
(c) Tapping mode 
ýý 
r 
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7.3 Materials and Methods 
7.3.1 Sample Preparation 
Freshly cleaved mica sheet was silanized with arninopropyl-triethoxysilane (APTES). 
The mica pieces were placed into a glass petri-dish and three drops of APTES solution 
was placed on the inner side of the cover. The petri-dish was then sealed with Parafilm 
and the sheets were left for 2 hours at room temperature. Mucin, chitosan and mixture 
solutions were prepared in a pH 4.5 acetate buffer by pipetting 20 jil of sample into an 
eppendorff then adding glycerol solution (15-25 % v/v) to a volume of 0.5 ml and left for 
30 minutes. Acetate buffer at pH 4.5, was chosen due to the insolubility of chitosan in 
most other liquids (Muzzarelli, 1995). The mica sheets were then coated with the sample 
solution for 30 seconds, rinsed with deionized water and then dried with argon. AFM 
investigation was performed inunediately after sample preparation. 
7.3.2 Atomic Force Microscopy 
All imaging was performed in air with the Nanoscope IIIa. (Digital Instruments, Santa 
Barbara, CA, USA). TappingModeTm was employed with a probe constructed from 
silicon with a length and resonant frequency of 125 M and 307-375 kHz respectively 
(Nanoprobe). All measurements made on the images of structures in this chapter such as 
RMS roughness, z displacement and size (width and diameter) were made utilizing the 
operating software provided with the Nanoscope Ma AFM. 
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7.4 Results and discussion 
7.4.1 Control surfaces 
To show the thin filamentous nature of the mucin type structure previously shown with 
TEM (Sheehan el aL, 1986; Roberts et aL, 1995), and the unknown visual characteristics 
of chitosan, an extremely flat sample substrate is required. To this end, mica was chosen 
for this study. Figure 7.3 (a) and (b) show an AFM image, both topography and phase, of 
a clean mica surface. It is evident from this figure that the surface of this sample substrate 
is flat and featureless with a RMS roughness of 0.11 run (compared to 13.36 nm for the 
silver surface plasmon resonance slide (Green et aL, 1997)) and a total movement of 0.9 
nm (distance moved by the "z" piezoelectric in AFM), so any further adsorbed material 
in future sample preparation should be apparent against such a background. Figures 7.4 
(c) and (d) show both topography and phase AFM images of the mica sheet that has been 
treated with APTES. Again, the sample substrate surface was flat and featureless with an 
RMS roughness of 0.14 nm and total z movement of 1.03 nm. APTES treatment was 
necessary to attach amino groups to the surface of the mica which attract the large mucin 
structures. This attraction has been attributed to a charge interaction between the positive 
amino terminus and the sialic acid or sulphate residues on the mucosal glycoproteins. 
Structural studies have indicated that the negative charge on this PGM-MD is thought to 
be attributed to the amount of sulphated O-linked oligosaccharide residues in the 
glycosylated region and not due to the amount of sialic acid present (Nordman et aL, 
1997). 
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Figure 7.3 AFNI imaocs, b0th tollo-01-aphy and phase, of tile substrate n1i I- ica 
and the APTES coated mica. 
(a) Nlica (topography) 
(b) klica (phase) 
(c) APTES coated Illica (topography) 
(d) APTES coated mica (phase) 
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7.4.2 PGM glycoproteins 
TEM and STM have been used in previous studies to produce visual infon-nation on the 
structure of PGM (Sheehan et al., 1986; Roberts et al., 1995, Fiebrig et al., 1997). In 
those cases the sample surface had been coated with a thin layer of conductive material 
and the mucins themselves sprayed onto the substrate surface. The advantage of AFM 
over this is that the mucins may be adsorbed directly from solution and do not require 
further sample treatment prior to visualisation, such as surface metallic coatings. 
In our present studies the characteristic naked and glycosylated segmented mucin 
glycoprotein structure is apparent. Figure 7.4 (a-d) shows both topography and phase 
images of PGM adsorbed from solution to the APTES treated mica surface. These two 
images were selected at random and are typical from a large library of images of these 
glycoproteins which portray similar structural inforrnation and surface coverage. The 
PGM adopts a long filamentous strand which is in good agreement with previous studies 
(Sheehan et al., 1986; Roberts et al., 1995, Jumel et al., 1997). But, the characteristic 
expanded glycosylated areas which line the backbone shown in the TEM studies were not 
seen. 
The average length of these PGM strands is approximately 2.00 (± 0.55) ýtni which 
agrees with studies perfori-ned with TEM and sedimentation equilibrium experiments 
(Harding, 1989). However, occasionally PGM filaments were seen to a maximum length 
of nearly 4 ýtm and a minimum of 0.5 ýLrn reflecting the polydisperse nature of the 
material. The diameters of the filaments were approximately constant, giving values of 
approximately 16 nm. This width is wider than that seen for other filamentous molecules 
such as DNA when imaged with AFM. In a study by Delain et al (1992), the tapping 
mode was used in air to image DNA where they found the width of the strands to be 
approximately 10 rim. Since DNA does not have glycosylated regions protruding from its 
protein backbone structure, the increased width of the mucin filaments may be attributed 
to the glycosylation of the filament. 
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that the AFM images did not reveal the charactenstic glycosylated areas It was SUrprising 
along the rnucin backbone. One reason for this apparent lack of extensive glycosylation 
may be explained by work performed by Brown and Hoh (1997). In that Study they 
showed hoxv neurofilanient sidearms provide entropic exclusion to adsorbing proteins, 
even though it is not possible to image such structures: the same scenario could well be 
applicable in this case. As the mucin glycoprotein remains partially hydrated (under 
atmospheric conditions), the glycosylated side chains may be in the form of an entropic 
brush, moving rapidl-y. thus unable to be imaged. This would also explain why the 
glycosylated areas were seen in TEM and STM studies. As the sample is completely 
dehydrated and immobilized when the surface is coated with a conductive layer, the 
hydrated side chains would no longer be mobile and hence, they would become 
imageable. 
7.4.3 SC210 + Chitosan 
'I o clate here lia\-c been no imaging reports conceming the molecular structure of 
chitosan. Figure 7.5 illustrates AFM images of the chitosan molecules. It is possible to 
see from the larger 2.5 pm image (Figure 7.5 (a) and (b)) that the structure is extremely 
polydisperse with the polysaccharide chain lengths varying extensively. The average 
length of the polysacchande was approximately 0.70 (± 0.27) pm, which is smaller than 
the average backbone length for the PGM. The widths of these polymer chains were very 
consistent, being approximately II tim, which is smaller than the values noted for PGM- 
Figure 7.5 (c) and (d) of a single chitosan chain reveal there are no real structural features 
to distinguish this from the mucin glycoprotem. 
The Immobilization strategy chosen for this study was aimed at Immobilizing the much 
larger of the two molecules, narnely the mucin. A positive surface potential was created 
to attract tile slightly iiegatively charged mucin glycoproteins. Naturally, one WOUld not 
expect any charge interaction between the Positively charged chitosan molecule and the 
positively charged surface. Therefore, it is likely that the chitosan seen in these images is 
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Figure 7.4 Sample AFNI iniagges, both topography and phase, of the purdled 
, ýIstj-jc mucins Hi 0,1 M ionic streii-th acetate buffer. 
(a) Muciii (topography) 
(b) Mucin (pliase) 
(C) NILICin (topography) 
((I)%ILICIII (phase) 
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merely lying on top of the APTES coated mica with very loose physical interaction. The 
effects of this charge repulsion were amplified when the ionic strength of the solution 
was increased from 0.1 M to 0.2 M and 0.3 M. At the high ionic strength, no chitosan 
was seen on the surface on the APTES coated mica. At low ionic concentrations 
repulsive forces between the positively charged deacctylated units situated along the 
polymer backbone keep the polymer in an extended linear arrangement. However, as the 
ionic concentration is increased this repulsion effect is reduced resulting in a more coiled 
arrangement of the polymer (Pronova Biopolymer Data Sheets, 1994). This may also 
contribute to the lack of chitosan observed on the surface at the elevated ionic 
concentrations. 
7.4.4 Complexes of PGM and chitosan at 0.1 M ionic strength 
As previously indicated, Deacon et aL (1998) and Chapter 5 of this study a significant 
interaction has been shown, with sedimentation velocity experiments, between the 
purified PGM and this form of chitosan. Considering now this interaction visualised by 
AFM, Figure 7.6 illustrates the difference in conformation for both the chitosan and 
mucin structures when mixed together in solution and then immobilized to the APTES 
coated substrate. Instead of the characteristic filamentous nature of both the chitosan and 
PGM, as previously indicated in Figures 7.4 and 7.5, large aggregates were noticed on the 
surface of the mica. The average diameter of these aggregates, determined by taking two 
diameter measurements (x and y) on many complexes, was approximately 0.70 (± 0.18) 
ýtm. However, complexes were seen with a range of diameters from 0.3 jim to 1.2 pm. 
Surrounding these aggregates was a tangled arrangement of filaments that seemed to 
emanate from the central aggregate. The diameter of these filaments was approximately 
16 nm. This suggests that these filaments are strands of PGM radiating from the complex. 
There are also many chain ends of these filaments surrounding the central complex. This 
suggests that chitosan seems to have an aggregative effect on the PGM, causing many 
mucin filaments to interact. There have been many studies to investigate the nature of this 
interaction, however, to date there are only theories (Deacon et aL, 1998; Fiebrig et aL, 
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Figure 7.5 AFM images, both topo-raphy and phase, ofthe chitosan at 
(). I "d bUffer solution. 
(a) Chitosan (topography) 
(b) ChItosan (phase) 
(c) Chitosan 
- 
close Lip (topography) 
(d) Chitosan 
- 
close Lip (phase) 
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1995a; Illum et aL, 1994; Lehr et al., 1992). The most recent theory (Deacon et aL, 1998) 
describes the charge interaction between the positive (NH3+) groups on the chitosan and 
the negative sulphated (S03 2) groups known to be present on the mucin (see Karlsson et 
aL, 1997). As each molecule has many potential sites for interaction, (chitosan mediated 
by the degree of deacetylation, Pronova Biopolymer Data Sheets, 1994) and mucin 
(through its backbone structure, Fogg et aL, 1996), the possibility of intermolecular 
interactions is high. These intermolecular interactions would promote aggregation as 
considered in detail by Fiebrig et aL (1 995a) and Deacon et aL (1998). 
7.4.5 PGM and complexes with chitosan at 0.2 and 0.3 M ionic strength 
Figure 7.7 (a)-(d) shows the characteristic mucin (a and c) and complex (b and d) 
structures at 0.2 M and 0.3 M ionic strength respectively. It is apparent that the structure 
of the mucin at 0.2 M and 0.3 M ionic strength is quite different to that 0.1 M ionic 
strength. At 0.2 M (Figure 7.7 a), the long filamentous structure seen at 0.1 M is no 
longer present and instead, the characteristic mucin structures observed in TEM of areas 
of glycosylation and naked protein (or region of very low glycosylation) areas are 
prevalent (Sheehan et aL, 1986). It was difficult to measure the average length of the 
mucins at this molar concentration as the structures seemed to be formed from a number 
of mucin filaments. However, where an individual filament was evident, the average 
width was equivalent to that in the 0.1 M solution, approximately 16 run. This mucin 
interaction effect became more pronounced at the higher 0.3 M ionic strength solution, 
shown in Figure 7.7 (c). At this ionic strength there seemed to be many filaments 
interacting to form more complex aggregates of mucin. The only mucins available for 
analysis of dimensions were those which emanated from the complex. The average 
diameter was again 16 run, but the average length was impossible to determine due to the 
extent of interaction. If the number of mucin strands which emanate from the mucin 
complex are counted it shows that, on average over many complexes imaged, at 0.2 M 
there are 3 
-4 mucins and at 0.3 M there are 10- 11 interacting to form the complex. 
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Pli, l-, c 
Figure '17.0 
-\1, % IIII 1"Ith tOPOg""P hy and p hasc, oI the puri I icd pig 
gastric jiucin, chitosan complex in 0.1 M ionic strength acetate buffer solution. 
(a, b) Complex- 10 ýtm (topography and phase) 
(c, d) Complex- 5 pni (topography and phase) 
(e, 0 Complex- 2.5 Pm (topography and phase) 
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As previously stated, the experimentally determined structure of these mucins in liquid is 
a long chain protein with attached side chains and it is these charged side chains which 
cause the mucin to remain in a linear structure (due to charge repulsion along its 
backbone) (Harding, 1989). The addition of salt to the solution may cause a charge- 
shielding effect on the charged areas of the mucin backbone. This process is likely to 
neutralize the mucin. The neutralization of the backbone would reduce the interactional 
charge repulsion and allow neighbounng mucins to entwine and increase the aggregating 
effect. This effect may be the reason for the increased number of mucins seen interacting 
as the concentration of salt increases. 
The images presented in Figure 7.7 (b) and (d) are the structures of the complexes from 
the mucin chitosan interactions at 0.2 M and 0.3 M ionic strength respectively. These also 
display some differences from the structures observed at 0.1 M (Figure 7.6): there still 
appears to be some degree of complexation between the mucin and chitosan, however, 
the size of the complexes is greatly reduced. At 0.1 M, large aggregates forriled that had 
an average diameter of 0.7 pm, whilst at 0.2 M and 0.3 M the smaller aggregate 
structures visualised had an average diameter of approximately 150 nm (visualised in the 
same way as those structures at 0.1 M). It can also be noticed that there is a greater 
number density of the complex structures. 
A reason for this behaviour may also be described by the presence of charged ions in the 
buffer causing a charge shielding effect between the interaction of the chitosan and the 
mucin. Sedimentation velocity results discussed in chapter 5 showed the interaction of 
these PGM's and the same SC210 + chitosan at two different Ionic strengths, 0.1 M and 
0.2 M (same acetate buffer). These results are in agreement showing a reduction in 
interaction between the mucin and chitosan as the ionic strength increases. 
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F'i,,,, ure 7.7 AFNI topography images ofthe pig gastric illucill and Inucin, ' 
coniple\ in 0.2' M and 0.3 M ionic strength acetate buffer sokition. 
(a) Mucin at 0.2 NI (topography) 
(b) Complex at 0.2 M (topography) 
(c) Mucin at 0.3 M (topography) 
(d) Complex at 0.3 NI (topography) 
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7.4.6 Images of three different mucin populations (Cardiac, Antrum and Fundus) 
Also imaged were three mucin populations that had been purified from different areas of 
the porcine stomach. They have been well characterised by Nordman et al. (1998) and 
Karlsson el al. (1998). The mucin populations have been shown to differ in terms of their 
net charge and glycosylation. The effect of this on the interaction with chitosan is 
obviously of great interest with reference to a possible drug delivery system. Figure 7.8 
shows topographic images of cardiac mucin and cardiac mucin chitosan mixtures at 0.1, 
0.2 and 0.3 M ionic strength. The images of cardiac mucins alone are the same as those of 
PGM in that there is an increase in aggregation as ionic strength is increased, suggesting 
a possible charge screening effect of the polar side chains enabling entanglements. This is 
seen in all of the mucin images taken (see also Figures 7.9 and 7.10). The images for the 
mixtures of cardiac mucin and chitosan (Figure 7.8 a, c and e) show a decrease in 
complexation with increasing ionic strength, which agrees with results from 
sedimentation velocity experiments. The mucins purified from the cardiac region are the 
most charged of the three different populations (Nordman et al., 1997, Karlsson et al., 
1997) so on the basis that electrostatic interactions are the dominant feature they would 
be expected to show the highest level of interaction. This is what is seen when comparing 
Figures 7.8b, 7.9b and 7.10b. The mucins alone show no real difference in structure or 
size between the different populations, although Karlsson et aL (1997) found differences 
in the average length of side chains and in molecular weight. It is unlikely, with the 
polymorphic nature of these materials, that it would be possible to visualize these. The 
antrum, mucin populations demonstrate no real evidence of complex formation with 
chitosan at 0.1,0.2 or 0.3 M ionic strength (Figure 7.9a-f). Antrum mucins are not as 
highly charged as the mucins purified from the cardiac region of the stomach as 
mentioned above so these results are not surprising; however from the sedimentation 
velocity experiments some interaction would have been expected at the higher ionic 
strengths. The lack of complex might be due to the higher ionic strength decreasing the 
interaction between the APTES on the surface and the side chains of the mucins. Fundus 
mucins (Figure 7.10a-f) show very little evidence of complexation; this is, perhaps, not 
surprising as these mucins have the lowest level of sulphation (Nordman et aL, 1997). 
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(c) XlLlclill It 0-3 M (t) ('01"Picx at 0.3 M 
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NI (d) Complex at 0.2 M 
(C) NILICI'll Lit 3 \1 ( 1) Complex at 0.3 M 
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There is little or no difference between the images of the fundus mucins alone and those 
of these mucins in the presence of chitosan. Again this agrees well with results from 
sedimentation velocity experiments (see Chapter 5). 
7.5 Conclusions 
In this chapter the AFM has been utilized to probe, at a molecular level, the interaction 
between purified PGM and a mucoadhesive polymer, chitosan (SC210 +). Initially, 
images were produced detailing the structures of both PGM and chitosan in 0.1 M acetate 
buffer (pH 4.5), then the complex of the two structures obtained in the same buffer was 
investigated. The effect of ionic strength of the buffer on the structure of the complex was 
studied and finally three mucin populations from different areas of the porcine stomach 
(cardiac, fundus and antrum) were investigated. The AFM enabled the structures to be 
observed without surface coating with a conductive material. In addition, 
TappingMode Tm AFM was used which does not produce lateral forces on the surface, 
appropriate for the soft biological mucin samples. 
The mucin adopted a long filamentous structure in 0.1 M acetate buffer, the average 
length of which was approximately 2 ýtm. The average diameter was 16 mn. Surprisingly, 
the expanded glycosylated areas which appear intermittently along the mucin backbone 
in previous TEM studies (Harding et aL, 1983, Sheehan et aL, 1986) were not apparent in 
this AFM study. This may have been due to the partial hydration of the sample allowing 
the carbohydrate side chains to act as an unimageable entropic brush. The subsequent 
drying in the preparation of TEM samples would, in effect, immobilize these side chains 
and enable them to be imaged. The chitosan molecules also adopted a filamentous 
structure in the 0.1 M acetate buffer, however, this molecule was much more 
polydisperse and had a smaller average length and diameter than the mucin of, 0.7 gm 
and II nin respectively. 
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When the mucin and chitosan were mixed in 0.1 M ionic strength acetate buffer, large 
complexes were formed with an average diameter of 0.7 pm. Interestingly, the complexes 
formed did not interact at a 1: 1 level between the mucin and the chitosan but appeared as 
a multiple interaction. Surrounding the central complex emanated filaments with an 
average width of 16 run. This suggests that these filaments were strands of mucin 
radiating away from the complex. The interaction between mucin and chitosan is not 
fully characterized or understood, however, one mechanism describes a charge 
interaction between the negatively charged mucin and the positively charged chitosan. 
The positive charge on the chitosan is created by the deacetylation process leaving 
positive amino termini (Pronova Datasheet, 1994). The negative charge on the PGM has 
been attributed to the sulphated carbohydrate side chains (Karlsson et al, 1997) and not 
the sialic acid residues as previously thought (Lehr et al, 1992). 
When the mucins were imaged at 0.2 and 0.3 M ionic strength acetate buffer, the 
structure seemed to change from the long filamentous nature observed at 0.1 M to a more 
aggregated appearance. This effect increased with increasing ionic strength. The average 
number of mucin strands emanating from the mucin complex was estimated. It was found 
that as the ionic concentration increased the properties of mucins self-interacting also 
increased from approximately I at 0.1 M, 3 at 0.2 M and then 10 at 0.3 M. This may have 
been due to charge-shielding, effectively neutralizing the mucin filaments. This 
neutralization would reduce the repulsive forces between the strands and allow them to 
interact and intertwine resulting in the observed complexes. 
At the elevated ionic concentrations of 0.2 and 0.3 M there was still some evidence of 
complexation between the mucin and chitosan. Small aggregates were formed in both the 
0.2 and 0.3 M solution with an average diameter of approximately 150 nm. This is much 
smaller than the 0.7 pm. complexes formed at 0.1 M. The complexes also seemed much 
more disperse over the sample substrate. Again, this reduction in size of the complex 
formation may be related to the effect of the salt ions in the buffer leading to 
neutralization of the mucin and chitosan molecules through charge-shielding. 
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The results for the three different mucin populations show that there is no visible 
difference in the structure of the three (cardiac, antrurn and fundus) either in the length of 
the molecules or in their width (ie length of side chains). The only species that showed a 
visible interaction with chitosan was the cardiac population at 0.1 M ionic strength, there 
was no evidence of any interaction at the higher ionic strengths. The other two mucins 
showed no interaction at all. This can be explained in terms of a difference in the levels 
of sulphation between the three populations, the cardiac species having the highest (60%) 
and the antrum. and fundus the lowest (20%) (Nordman et aL, 1997). 
In this chapter, the AFM has provided qualitative information, on a molecular level, 
detailing the structure of PGM, chitosan and their complexes at 0.1,0.2 and 0.3 M ionic 
strength in pH 4.5 acetate buffer. The AFM technique used in conjunction with 
sedimentation velocity in the analytical ultracentrifage (Chapter 4) has also been shown 
to provide powerful quantitative information about such interaction phenomena. It is 
hoped in the future that SPR and AFM f1d measurements could yield additional 
quantitative information about the interactional kinetics and forces of adhesion between 
mucosal glycoproteins and chitosan. 
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Characterisation of Mefp-1 and its mucoadhesion 
8.1 Introduction 
Having considered the mucoadhesive properties of a highly promising cationic 
polysaccharide in detail 
- 
chitosan, for comparison we now report on an investigation on 
the mucoadhesive properties of a highly cationic protein: the mussel foot glue protein 
Mefp- I- 
8.1.1 Adhesion of the mussel 
The blue mussel Mytilus edulis has evolved an opportunistic and permanent adhesive 
strategy in seawater. It attaches itself to surfaces by means of one or more byssal threads 
(byssus) and a combination of adhesive proteins secreted into an adhesive plaque 
between the distal end of the byssus and the surface. The byssus is a collagenous thread, 
which is attached to the animal at one end and to the surface at the other (Waite, 1983a, 
Bendict and Waite, 1986). The distal end of the byssus is flattened into a round disk, 
which is glued to the surface by the adhesive plaque. The byssal thread and disk are 
formed by the secretion of collagen from the accessory glands into a groove in the foot. 
At the same time the phenol glands secrete the adhesive proteins which not only cover 
the disk but also the thread, acting as a sort of protective coating (Laursen, 1992). When 
the mussel wants to make a thread it extends the foot and presses it to the surface, which 
it cleans using a scrubbing action (Tamarin et al., 1976). The adhesive proteins are then 
secreted and the foot is retracted from the surface leaving the insoluble thread. 
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8.1.2 The adhesive proteins 
Characterisation of mussel adhesive proteins began with the work of Waite (Waite and 
Tanzer, 1981). They isolated a highly basic protein, using acid extraction of phenol 
glands from the feet of Mytilus edulis, with an apparent molecular weight of 130 kDa 
measured by electrophoresis. This protein was referred to as Mytilus edulis foot protein-I 
(Mefp-1). Using amino-acid analysis they found that Mefp-1 contained approximately 
10% dihydroxyphenylalanine (DOPA) as well as significant amounts of 3- and 4- 
hydroxyproline. Lysine was the most abundant amino-acid (21%) but also present in 
large amounts were threonine, serine and tyrosine (Waite and Tanzer, 1981). The 
presence of DOPA was thought to be significant because it is rarely found in proteins and 
yet accounts for 10% of Mefp-1. Further work by Waite and coworkers demonstrated that 
Mefp-I consists largely of a linear tandem array of decapeptide repeats, the consensus of 
which is Ala-Lys-Pro-Ser-Tyr-Hyp-Hyp-Thr-Dopa-Lys (Waite, 1983a, Waite et al., 
1985). The entire sequence for Mefp-I has now been determined from cDNA (Ou, 1990) 
and is shown in Figure 8.1. The apoprotein has a signal sequence of 24 amino-acids 
which is cleaved to give the native protein. The molecular weight calculated from the 
sequence is 106,000 Da (Laursen, 1992) which is significantly lower than the original 
molecular weight (calculated from electrophoresis in the presence of cetylpyridinium. 
chloride, migrating between the cc and 0 chains of type I collagen) reported by Waite and 
Tanzer (1981) of 130,000 Da. It is possible that this could be due to the high basic charge 
on the molecule or that it has a highly extended structure in solution, which would 
increase the rate of progress in electrophoresis. There are 71 repeats of the decapeptide 
and 13 of the hexapeptide in Mefp-1. The sequence is similar to that obtained for Mytilus 
galloprovincialis (Inoue and Odo, 1994), they found that Mefp- I and the adhesive protein 
from M. galloprovincialis were very similar, but there was no hexapeptide motif in M 
galloprovincialis instead they found a tetradecapeptide repeat. Overall there appears to be 
a high level of homology between all the high molecular weight mussel foot proteins 
from different species (Laursen, 1992). Recent work has shown that there are at least four 
families of mussel plaque proteins, which differ in terms of their molecular weight (6,46, 
70 and 130 kDa, Papov et al., 1995). The 46 kDa protein family (Mefp-2) contains about 
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2-3 mol % of DOPA, which is restricted to the C and N termini, with most of the protein 
consisting of II tandem repeats of an epidermal growth factor motif 37-41 residues in 
length (Papov et al., 1995, Rzepecki et al., 1992). Mefp-2 differs from Mefp-I in that it 
has higher levels of the amino-acid cystine, 6-7 mol % (Rzepecki et al., 1992). It is 
thought that the high levels of cystine may act to cross link Mefp-2 molecules in the 
adhesive plaque. Mefp-2 is exclusively found in the adhesive plaque contributing up to 
25% to the plaque protein which would seem to confirm this role (Rzepecki et al., 1992). 
Mefp-3 is the 6 kDa family that has recently had its structure determined by Papov et al. 
(1995) using matrix-assisted laser desorption ionization time-of-flight mass spectrometry 
Figure 8.1 Amino-acid sequence of Mytilus edulis foot protein-1 deduced from cDNA 
sequence (Ou, 1990). The underlined portion is the signal sequence. Numbers to the right 
indicate the number of repeats, numbers in parentheses indicate the position in the 
sequence. Y= 100% conversion to DOPA, Y! 5 50% conversion to DOPA, P= 100% 
conversion to trans-2,3-cis 3,4 dihydroxyproline, P -. 5 50% conversion to conversion to 
trans-4 hydroxyproline, P= 100% conversion to trans-4 hydroxyproline. 
MEGfKLNLCLLCfFTFDVLGFSNGNIYNAHVSSYAGASAGAYKKLPNAYPYGTKP 
EPVYKPVKTSYSAPYKPPTYQPLKKKVDYRPTKSYPPTYGSKTNYLPLAKKLSSY 
KPIKTTYN (94) 
AKTNYPPVYK 1(104) 
PKMTYPPTYK 
PKPSYPPTYK 
SKP TYK 
PKITYPPTYK 
AKPSYPPTYK 
PKKTYPPTYK 
PKLTYPPTYK 
PKPSYPPTYK 
SKP TYK 10(186) 
AKPSYPPTYK 
AKPSYPPTYK 
AKPSYPPTYK 
AKP TYK 
VKPTYPSTYK 
AKPSYPPTYK 
AKPSYPPTYK 50(566) 
AKPSYPPTYK 
AKPSYPPTYK 
AKPSYPI! TYK 
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PKITYPPTYK AKPSYPPTYK 
AKPSYPPTYK AKP TYK 
PKKTYPPTYK AKPTYPSTYK 
PKLTYPPTYK AKPSYPPTYK 
PKPSYPPTYK AKPSYPPTYK 
PKPSYPPSYK AKP TYK 
TKKTYPPTYK AKP TYK 60(654) 
PKLTYPPTYK AKPTYPSTYK 
PKPSYPPSYK AKPSYPPTYK 
PKKTYPPTYK 20(286) AKP AYK 
PKLTYP-PTYK AKPTYPSTYK 
AKPSYPPTYK AKPTYPSTYK 
AKPSYPPTYK AKPSYPPTYK 
AKPSYPPTYK PKISYFýPTYK 
AKP TYK AKPSYPSTYK 
AKPTYPSTYK AKSSYPPTYK 
AKPTYP-PTYK AKP TYK 70(746) 
AKPSYPPTYK AKPTYPSTYK 
AKPSYPPTYK AKP TYK 
AKL TYK 30(378) AKPTYPPTYK 
AKPSYPPTYK AKPSYPPTYK 
AKPSYPPTYK PMPSYPPTYK 
AKPSYVPTYK SKSSYPSSYK 
AKPSYPETYK PKKTYPPTYK 
AKPSYPPTYK PKLTYPPTYK 
VKP TYK PKPSYPASYK 
AKPTYPSTYK PKITYPSTYK 80(842) 
AKPSYPPTYK LKPSYPPTYK 
AKPSYPI! TYK SKTSYPPTYN 
AKpSyppTYK 40(474) KKISYPSSYK 
AKPSYPI! TYK AKTSYP-PAYK 84 
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AKPTYPSTYK PTNRY* C-tenninus (887) 
AKP TYK 
(MALDI-TOF-MS). It was found to contain high levels of DOPA in common with Mefp- 
I and 2, but also 4-hydroxyarginine which has not been found present in any other 
(naturally occurring) proteins. This may have a role to play as Arg-DOPA is cleaved by 
trypsin but HOArg-DOPA is not, suggesting some kind of bond formation (Papov et al., 
1994). Mefp-3 and 4 are both known to be found in the cold shocked adhesive plaque but 
as yet no firm role for them has been proposed (Papov et al., 1995). 
8.1.3 Mechanism of adhesion 
The mechanism by which Mefp-I binds to surfaces has been the subject of much 
speculation, although it is thought that DOPA plays an important role. DOPA has strong 
dehydration and hydrogen bonding properties, which would make it ideal for attachment 
to underwater surfaces (Olivieri et al., 1992a, Olivieri et al., 1992b, Hansen et al., 1994). 
Ionic interactions between the amine terminals of the lysine residues are likely to be 
involved in cell binding to Mefp-I through cell surface-Mefp-I interactions either 
protein-protein or protein-polysaccharide. Using a molecular model composed of the 
decapeptide repeat sequence of Mefp-1, Olivieri et al. (1992a) describes how L-DOPA 
provides the initial adsorption to the surface, with the neighbouring hydroxyprolines 
providing the conformational rigidity that presents the polar side chains of the lysine 
residues to the outside. 
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8.1.4 Applications of mussel adhesive proteins 
Many attempts have been made to find an application for the adhesive properties of these 
molecules. Hansen et al. (1994) demonstrated that Mefp-I has a very high affinity for 
stainless steel and significantly lowered the amounts of metal ions present in solution. 
Cellular attachment has been investigated by Robin et aL (1988), using rabbits they 
investigated whether Mefp-I would improve the success of corneal transplants. They 
found that when 10 ýLl of a solution of Mefp- I and a cross linking agent, were placed on 
the cornea and the eyeball there was a success rate of 73%, compared to a control where 
none of the transplants succeeded. In addition, the improved attachment of osteoblasts 
and cartilage has been shown by Fulkerson et aL (1990). When MefP-1 was first coated 
onto a culture plate surface, 83.6 % of cells were lost from a suspension compared to 30 
% lost on an uncoated surface. It is also important to note that in comparison to other 
cellular adhesives (cyanoacrylates) Mefp-I is nontoxic; cells continued to grow and 
multiply on surfaces that had been coated with Mefp-1. Notter (1988) also demonstrated 
an enhancement of attachment of hypothalamic cells and cells of the tissue culture line 
N2AB- I when using Mefp- I (in a cellular adhesive, Cell-Tak) compared to tissue-culture 
plastic. 
8.1.5 Our Work 
Because of their adhesive properties and basic charge it is thought that these molecules 
could be used as a mucoadhesive for drug delivery as an alternative to chitosans for 
example. However, before any interaction can be studied it is important to study the 
solution conformation and oligornerisation state. In this chapter the conformation and 
state of the molecule is established using sedimentation velocity and sedimentation 
equilibrium techniques and the interaction of Mefp-I with pig gastric mucin assessed. 
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8.2 Materials and Alethods 
8.2.1 Preparation of solutions 
Mefp-I was prepared according to the method of Waite (1983a) from material supplied 
by the Sigma Chemical Company (St. Louis, MO) and was recovered as a freeze-dried 
mat. This mat was dissolved for 2 hours in buffer before use. Pig gastric mucin (PGM) 
was isolated and purified as described in Chapter 3. All solution measurements were 
performed in an acetate buffer, pH 4.5 and I=0.10 M (Dawson et al., 1986). 
8.2.2 Sedimentation equilibrium 
An Optima XL-A ultracentrifuge (Beckman Instruments, Palo Alto, CA) was used at a 
rotor speed of 14,000 rpm at a temperature of 20'C. Standard 12 mm. optical path length 
aluminiurn filled epoxy double sector cells were employed, filled to 100 P1 (giving 
approximately 2.8 mm solution and solvent columns). Three loading concentrations were 
used, 0.4,0.8 and 1.0 mg/ml. Equilibrium was established within 48 hours and confinned 
by successive overlay of scans separated by 10 hours. A partial specific volume, v, was 
calculated from the amino-acid sequence (see Figure 7.1), according to the consensus of 
Perkins (1986). 
Equilibrium solute distributions were captured as an ASCII data set of concentration 
(expressed as ultraviolet absorbance at a wavelength of 265 nm) versus radial 
displacement from the rotor centre, r (cm), using the M* procedure (Creeth and Harding, 
1982) incorporated into the PC routine MSTARA (C61fen and Harding, 1997). The M* 
procedure yields the apparent weight average molecular weight (for the whole 
distribution of macromolecular solute in the ultracentriffige cell), Mw, appq from the identity 
Mvv, app = M*(r = cell base). MSTARA additionally, produces plots of point average 
molecular data sets Of Mw, app(r) versus local concentrations, c(r) expressed in absorbance 
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units (A(r)), at different radial positions, r, in the ultracentrifuge cell. These were 
obtained for all loading concentrations (to check for the presence of associative 
phenomena). 
8.2.3 Sedimentation velocity 
The Optima XL-A ultracentrifuge was also used for sedimentation velocity experiments 
at a rotor speed of 40,000 rpm and temperature of 200C, using the 12 mm optical path 
length cells. Loading concentrations of 0.2,0.3,0.4,0.6,0.66 and 0.8 mg/ml were used 
corrected for radial dilution. Sedimentation coefficients ST, b (where T, b represents at 
room temperature and in buffer b) were evaluated using the routine XLA-VEL (C61fen et 
al, 1997). All sedimentation coefficient measurements were performed in triplicate to 
minimise errors and then corrected to standard conditions of solvent density (p) and 
viscosity (TI), i. e. those of water at 20"C, by means of the expression (Tanford, 1961) 
S20. 
w 
20, w 
7Tb 
JST, 
b 7.1 
'7P) 
T, b )7T, b 
8.3 Results and Discussion 
8.3.1 Characterisation of Mefp-1 in dilute solution 
8.3.1.1 Sedimentation equilibrium 
The apparent weight average molecular weight, Mw, appi was determined from the 
extrapolation of the 'M*' function to the cell base for the data-set for the lowest loading 
concentration (0.4 mg/ml), where it is reasonable to assume Mw "': Mw, app . Using this 
procedure, M,., = 114,000 (± 5,000) Da. Since the molecular weight of the monomer is 
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known to be 106,000 from the sequence (Laursen, 1992), it can reasonably be inferred 
that the Mefp-I protein is monomeric in dilute solution, at least under these conditions 
(pH 4.6,1 = 0.10 M). This observation is strengthened when the plots of point apparent 
molecular weight, Mw,,, pp(r), as a function of local concentration (expressed as absorbance 
units A(r) at radial positions r from the rotor centre) are considered (Figure 8.2). This 
clearly demonstrates that for the loading concentrations of 0.4,0.8 and 1.0 mg/ml there is 
no evidence of associative behaviour, which is further confirmed by the single symmetric 
nature of the boundaries from sedimentation velocity experiments (Figure 8.3). 
Figure 8.2 Plot of point weight average molecular weights, M,,,, pp(r), versus local 
concentration [expressed as absorbance units at 265 mn, A(r)] at various radial positions r 
in the ultracentrifuge cell for different loading concentrations (0.4,0.8,1.0 mg/ml). 
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Figure 8.3 Sedimenting boundary for Mefp-1. Rotor speed = 40,000 rpm, temperature = 
20"C, loading concentration of 0.8 mg/ml. 
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8.3.1.2 Sedimentation velocity 
From the Plot Of S20, w versus sedimenting concentration (i. e. corrected for radial dilution), 
C (Figure 8.4), a value of s0 20, w of 2.34 (± 0.17) S is obtained by linear regression 
analysis. This is quite low for a protein of molecular weight equal to I 10,000 Da and 
suggests an asymmetric and/or highly hydrated form for the macromolecule in solution. 
This was investigated ftuther by calculation of the frictional ratio fýo and the 
corresponding Perrin function, P for the hydrodynamically equivalent prolate ellipsoid of 
revolution. fffo is the ratio of the translational frictional coefficient of a macromolecule to 
the corresponding coefficient for a spherical particle of the same mass and (anhydrous) 
volume, and is given by 
f M(l 
- 
i7po) ](4 '-dVA 8.2 fo NA(6; ri7oso,. 3W 20 
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where NA is Avogadro's number and po (g/ml) and Tjo (P) are the density and viscosity of 
water at 20*C. Using the values of M=I 10,000 Da, s020, w = 2.34 ± 0.17 S, v=0.753 
ml/g, po = 0.9982 g/ml and Tjo = 0.01 P, No was calculated as 3.2 ± 0.3. 
Table 8.1 Summary of the solution propeilies of Mefp- I 
Physical property Value 
Monomer molecular weight, M, (Da) 110,000 
Weight average molecular weight, M, (Da) 114,000 ± 5,000 
Sedimentation coefficient, S020. w (S) 2.34 ± 0.17 
Partial specific volume, v (ml/g) 0.753 
Translational frictional ratio, NO 3.2 ± 0.3 
The frictional ratio is related to two macromolecular parameters describing the molecule 
in solution: shape and the molecular expansion of the molecule in solution through 
(aqueous) solvent association. The shape contribution is represented by the Perrin 
function, P (Perrin, 1936), and the molecular expansion through solvent association is 
popularly represented by the 'apparent hydration', 8 (the mass of aqueous solvent 
chemically or physically associated with the protein per unit dry mass of protein). P is 
given by (see for example Harding et al., 1997) 
P=(f 
5 
+, 
)-1/3 
fo 
) 
i7,00 
8.3 
it is possible to consider two cases one in which the hydration (8) is assumed to be a 
typical value for a protein and the other where the hydration is calculated if the protein is 
assumed to be a sphere. 
(1) Calculation of the axial ratio of the hydrodynamically equivalent prolate ellipsoid of 
revolution for a "typical" value of 9 From the shape function P, the overall asymmetry 
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of the protein can be represented in terms of the axial ratio a/b (where a is much greater 
than b) of the hydrodynamically equivalent prolate ellipsoid of revolution, for specified 
values of 5: 
P= (1-b'la 
2)1/2 
8.4 
(b/a)2/3 In I+ (1-b 
2 la 2)1/2 
bla 
I 
a/b can be found for a specified P by simple numerical inversion of the above equation, 
using the PC routine ELLIPS1 (Harding et al., 1997). Considering a range of plausible 
values for 8 from 0.2-0.5 according to Squire and Himmel (1979), we see from Table 8.2 
that Mefp-I is hydrodynarnically equivalent to an extended rod shape in solution. 
Allowing for experimental error in the frictional ratio, the limits of the axial ratio for 
Mefp-I are within the range 30: 1 to 60: 1. This would compare, for example with a value 
of -80: 1 for myosin and myosin rods (Harding, 1987). 
Table 8.2 Perrin function, P and axial ratio a/b for Mefp-I for various values of 
molecular hydration, 8. 
8 p alb 
0.2 3.0 50 
0.35 2.8 45 
0.5 2.7 40 
(2) Calculation of the maximum value possible of the apparent hydration, '5, if the overall 
domain of the molecule is assumed to be a sphere. The axial ratio could, of course, be 
lower if the apparent hydration was unexpectedly higher (i. e. greater than 0.5), and any 
molecular flexibility would increase the apparent hydration. For the case where molecular 
expansion is the sole contribution to the frictional ratio (i. e. P= 1), an fifo of 
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approximately 3.2 corresponds to a5 of approximately 25. This relates to a molecular 
expansion (i. e. volume occupied by hydrated molecule/volume of anhydrous molecule) of 
approximately 35 times, a value more typical for heavily glycosylated systems such as 
mucin glycoproteins which have more coil-like properties (Harding et al., 1983, Jumel et 
al., 1997). 
Both cases are consistent with the results from sedimentation equilibrium where the 
effects of thermodynamic non-ideality are relatively small (and that at the loading 
concentration used effects can be assumed to be negligible). This can be shown with the 
routine, COVOL (Harding et al., 1997, Harding et al., 1998), which, based on the 
Rallison-Harding (Rallison and Harding, 1985) exclusion volume theory for general 
ellipsoids, predicts the second thermodynamic virial coefficient B for a macromolecule 
based on its shape (as specified by its semi-axial dimensions a, b, c or axial ratios a/b, 
b/c), its molecular weight, and its molecular hydration or expansion. The routine also 
provides for calculation of the polyelectrolyte contribution to B, where appropriate. To a 
first approximation, if we assume that the ionic strength is sufficient to suppress this 
latter contribution, the predicted values of B are 5.97 x 10 -4MI. Mol-l. g, 2 for case I above 
and 9.82 x 10-4 MI. Mol-l. g, 2 for case 2. The apparent weight average molecular weight 
Mw, 
app at a finite concentration, C (g/ml) is, to first order non-ideality (Tanford, 196 1): 
I/M,,, pp = (I/M,, )(1+2BM, C) 8.5 
For a concentration of I mg/ml and M,, =I 10,000 Da, the equation above predicts a 
value of 91,900 Da for case I and 83,100 for case 2. In both cases there is a drop in 
molecular weight, -20% for case I and -30% for case 2 as the concentration is varied 
from 0-1.5 mg/ml (corresponding to the concentration range of Figure 8.2). 
Unfortunately, both cases are consistent with the data and it is not possible to compare 
this result with an X-ray crystallographic structure as Mefp- I is yet to be crystallised. 
The solution confortnations of Mefp-l and a recombinant analogue with 20 repeats of the 
consensus decapeptide (AKPSYPPTYK) have, however, been studied using far-UV 
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circular dichroism (CD) and enzyme-directed modification (Williams et al., 1989). 
Although the conditions differ from those used here (0.6 M NaCI with 0.1 M phosphate 
at pH 7.0), it is useful to compare these results. The CD data suggested that the secondary 
structure in Mefp-I and the recombinant analogue were limited to no more than 5% cc- 
helix, 10% O-sheet and 20% P-turris. The remainder was attributed to 'random coil' as it 
was minimally perturbed by temperature variations or the addition of 6M guanidine 
hydrochloride. This interpretation of the results contrasts with those from the tyrosinase- 
directed modification of tyrosines in the recombinant analogue. Tyr-9 of each consensus 
repeat was at least an order of magnitude more reactive than Tyr-5 (Williams et al., 
1989). Taken together, these results suggest an overall extended and flexible MefP-I 
structure that is punctuated by regions of rigidity, somewhere in between case I and case 
2. This is presented as the 'consensus model' of Figure 8.5 for the structure of Mefp-I in 
dilute solution. 
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Figure 8.4 Concentration dependence of the sedimentation coefficient, S20, w P for Mefp-I 
in acetate buffer (pH = 4.5,1 = 0.10 M) at 20T. 
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Figure 8.5 Consensus semi-flexible rod model for Mefp-1. This model takes into account 
the linear flexible properties consistent with larger values for hydration (8 > 0.5), earlier 
CD studies (Laursen, 1992), and the ability to adhere and hydrate at surfaces (Baty et al., 
1997). The model consists of a globular region with a nonrepetitive amino-acid sequence 
and an extended region consisting of repeat sequences of amino-acids with alternating 
stiff and flexible segments. Except at high pH (>7) and ionic strength, the chain will be 
relatively stiff due to electrostatic repulsion of segments. 
non-repetitive globular 
flexible segment 
rigid segment 
8.3.2 Interaction with Pig gastric Mucin (PGM) 
8.3.2.1 Sedimentation velocity 
By using the solution conditions at which Mefp-I is known to be present, essentially as 
the monomer (pH 4.5,0.1 M 1), the interactions between Mefp- I and other molecules can 
be measured without any of the complications of self-association or aggregation. The 
interaction between Mefp-I and PGM was studied using velocity sedimentation, Figure 
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8.6 shows the sedimentation scans obtained. Comparison of these scans with those in 
Figure 8.3 indicates that there is a huge increase in the size of the macromolecule. This 
can only be explained in terms of an interaction between Mefp-1 and PGM. Mefp-I has a 
sedimentation coefficient of 2.34 S and PGM of approximately 60 S, whereas the 
analysis of the sedimentation scans using the Beckman TRANSPORT method (XL-A 
instruction manual, 1991) gives a sedimentation coefficient of 7,000 S. When rotation 
velocity was increased to 40,000 rpm, it was also observed that there were no longer any 
sedimentation profiles visible, indicating that there was no measurable unbound Mefp-I 
present in the ultracentrifuge cell. The complex is so large that it makes the measurement 
of its molecular weight by sedimentation equilibrium impossible. However, by assuming 
a roughly spheroidal random coil conformation for both MefP-1 and PGM-MD, the 
Mark-Houwink-Kuhn-Sakurada relation (for example, Harding, 1995) S_ M0*6' (0.6 was 
chosen because it is intermediate between the limits for coil (0.667) and sphere (0.5)). To 
estimate the size of the complex, a molecular weight of 
-2.5 x 1010 is predicted. It should 
be noted that the sedimenting boundaries are quite broad and strongly indicate 
considerable heterogeneity of the complexes formed. 
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Figure 8.6 Sedimenting boundaries for the PGM-Mefp-I complex. Rotor speed = 2,000 
rpm, temperature = 20T, scan interval = 10 min, concentration of mucin after mixing = 
0.1 mg/ml, concentration of Mefp- I after mixing = 0.4 mg/ml. 
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Conclusions 
This work has focussed on the interaction between fully hydrated independent 
macromolecules in dilute solution. A variety of mucins have been characterised by 
SEC/MALLS and their interactions with different preparations of chitosan and a protein 
purified from the foot of the blue mussel have been measured. The techniques of 
sedimentation velocity, sedimentation equilibrium, atomic force microscopy and multi- 
angle laser light scattering (linked to size exclusion chromatography and flow field flow 
fractionation) have all been used to characterise both the substrates and the complex. 
The mucin populations were characterised using SEOMALLS and shown to be single 
species relatively monodisperse with molecular weights in the region of 10 x 106 Daltons. 
The chitosan SC210 + had been previously characterised by Errington et aL (1993), 
chitosan A fractions have been characterised by Berth et aL (1998). Mytilus edulis foot 
protein I was characterised using sedimentation velocity and equilibrium and shown to 
be monomeric in dilute solution with a molecular weight of 114,000 Daltons. 
This work has demonstrated that the interaction between chitosan and mucin is the 
product principally of an ionic interaction between pig gastric mucin and chitosan. The 
results from sedimentation velocity experiments and from atomic force microscopy show 
a decline in the number and size of complexes formed as the ionic strength of the solution 
is increased from 0.1 to 0.3 M and beyond. The critical point appears to be around 0.25 
M above this ionic strength there is very little interaction between SC210 + and PGM- 
MD. The sedimentation velocity results also suggested that at the higher ionic strengths 
(>0.3M) there may be a weak hydrophobic interaction. 
Sedimentation velocity was also used to measure the effect of a chitosan with a higher 
degree of deacetylation (25%) which was found to form a large complex with pig gastric 
mucins. The effect of molecular weight of this chitosan was investigated with 
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sedimentation velocity and it was found that there was a sharp reduction in the interaction 
when the chitosan molecular weight was above 80,000 Daltons. 
The interaction between the pig gastric mucins purified from different regions of the 
porcine stomach also confirmed the ionic nature of the interaction. The cardiac mucin 
population showed the highest interaction with SC210 + chitosan, as measured by 
sedimentation velocity and atomic force microscopy. The antrum. and fundus mucin 
populations showed a much lower level of interaction measured by the same methods. 
Mefp-I has also been shown to form a strong interaction with pig gastric mucin which 
was likely to be due to interactions between positively charged lysine groups and the 
negatively charged sulphated sugar residues present on the mucin macromolecule. 
Chitosan shows much promise as a vehicle for drug delivery to the gastrointestinal tract. 
Other work has shown (Illurn et aL, 1994) that not only does chitosan have mucoadhesive 
properties but it also has the ability to open the epithelial tight junctions. This gives it a 
dual function in a drug delivery system. The interaction that has been measured in this 
thesis is one that occurs in dilute solutions. However, the interaction in the 
gastrointestinal tract would not be between substrates that are free in solution as the 
mucus forms a gel like coating on the surface that reduces the number of sites available 
for interaction. The interaction of Mefp-I with pig gastric mucin is also interesting but as 
this is a protein it is a target of proteolysis. The protein would therefore need to be 
protected within the drug delivery vehicle until arrival in the small intestine. 
Further work in this field should include the use of model drugs in the system to see what 
effect they have on the formation of the complex. In vivo studies with trial formulations 
could also be undertaken. The results from flow field flow fractionation are promising but 
further work needs to be undertaken in refining this technique so that full characterisation 
of the complex can be obtained. 
130 
Chapter 9 Conclusions 
Since the elucidation of such interactions as those between mucins and chitosans a 
doorway has been opened to the possibility of succesful delivery of peptides and other 
problem drugs. 
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Appendix I 
Table of specific refractive index increments 
FOREWORD 
We present here a modem collection of specific refractive index 
increments dnldc for use by scientists using principally light scattering 
and analytical ultracentrifuge probes for the size, structure and 
interactions of macromolecules in what for many is their natural state: a 
solution. This list essentially updates a classical list published by M. B. 
Huglin over a quarter of a century ago (Huglin, M. B., Light Scattering 
from Polymer Solutions, Academic Press, London, Chapter 6,1972). The 
proliferation of light scattering instrumentation (including multi-angle 
laser photometers coupled on-line to size exclusion chromatography 
columns, field-flow-fractionation. and viscosity equipment) and a re- 
surgence of interest in analytical ultracentrifugation using refractive index 
based optical detection systems means there is a wide a user base as ever. 
Unfortunately it is not possible to calculate dnldc values on the basis of 
molecular composition (unlike density increments or partial specific 
volumes so widely used in analytical ultracentrifugation). Of course a 
light scattering or ultracentrifage user can make his own measurements 
using appropriate instrumentation for which there are high-precision 
refractometers now available (in particular the Optilab DSP, Wyatt 
Technology Corp., Santa Barbara, USA). However, the accuracy with 
which these measurements can be made is not necessarily dependent on 
refractive index measurement but on concentration measurement, a 
parameter for which despite painstaking care, an accuracy better than 1% 
is rare. it is therefore useful to the scientist if he/she has access to earlier 
data recorded by some other user. 
dn/dc values are not only highly dependent on the solvent, but also on 
temperature and they can show a dispersion with the wavelength, X, of 
the incident light used for the measurement. Care has been taken to 
specify those parameters if available from the original reference, so that 
the reader can choose a value most appropriate for his/her application. 
A. Theisen, C. Johann, M. P. Deacon and S. E. Harding. 
Frankfurt and Nottingham, January 1999. 
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